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ABSTRACT 
Artificial subsurface drainage, while necessary to maintain agricultural production in 
the soils and climate of the northern U.S. corn belt, can result in adverse environmental 
impacts. A major concern is the disproportionately large nitrate loads from agricultural lands 
with artificial drainage in the northern U.S. corn belt that contribute to the hypoxic zone in the 
Gulf of Mexico.  
The first chapter in this thesis investigated the impacts of two conservation practices 
on soil temperature and moisture. The first conservation practice investigated is no-till 
compared to a fall chisel plow system in a north-central Iowa site. This study found that no-till 
significantly increased average daily soil moisture content prior to planting of a cash crop. No-
till frequently had colder soil temperatures in the spring and summer compared to a chisel plow 
treatment. Corn residue had more of an impact on soil temperature and moisture than soybean 
residue. The second conservation practice investigated in the first chapter is a winter cereal rye 
cover crop at a north-central Iowa site and a central Iowa site. The central Iowa site had greater 
rye biomass which was associated with an increase in soil water even when rye was transpiring, 
while the north-central Iowa site had lesser rye biomass which was associated with a decrease 
in soil water whether rye was growing or had been terminated.  
The second chapter in this thesis investigated the impact of no-till and a winter rye 
cover crop on seasonal and annual nitrate-N concentration and nitrate-N loading in leachate 
from artificial subsurface drainage. No-till and a rye cover crop with chisel plow significantly 
and consistently decreased nitrate-N loading and concentration in leachate on both the seasonal 
and annual scales compared to the chisel plow only treatment. Compared to no-till, a winter 
rye cover crop with no-till did not reduce nitrate-N loading or concentration in leachate. This 
xi 
 
is likely due to a combination of low nitrate-N leaching potential from no-till, and low rye 
biomass values throughout the entire study with no-till. Overall, both cover crops and no-till 
showed potential for improving nitrogen management with respect to water quality.  
Future research should focus on increasing rye biomass in a northern climate, as this 
may alleviate soil water depletion concerns and increase the likelihood of rye biomass 
mitigating nitrate-N leaching off-site. Additionally, studies in long-term no-till situations, 
production scale drainage, and on different soil types should be considered for a better 
prediction of the broader scale impacts of no-till on nitrate-N leaching.  
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CHAPTER I. GENERAL INTRODUCTION 
A large portion of the Gulf of Mexico cannot sustain marine life because of hypoxia, 
or low oxygen levels (Diaz and Rosenberg, 1995). The Hypoxic Zone in the northern gulf, 
stretching from Louisiana to Texas, is the largest area in North America to be impacted by 
hypoxia (Rabalais et al., 1991). The Mississippi River/ Gulf of Mexico Watershed Nutrient 
Task Force created the “Action Plan for Reducing, Mitigating, and Controlling Hypoxia in the 
Northern Gulf of Mexico” in 2001 and updated this action plan in 2008 (Mississippi River/ 
Gulf of Mexico Watershed Nutrient Task Force, 2008). The 2008 Action Plan stated the goal 
of reducing the average size of the hypoxic zone to 5,000 square kilometers by 2015. The 5-
year average was 15,126 square kilometers in 2013 (Hypoxia Task Force, 2013).  The Upper 
Mississippi River and Ohio-Tennessee River basins contribute nearly all the spring nitrogen 
load to the Gulf of Mexico. Furthermore, they contribute 82% of nitrate-N loads annually, 
which is vastly disproportionate to their relative drainage size (31% of total drainage) (EPA 
Science Advisory Board, 2007). These basins have intense agricultural production and the 
highest proportion of artificial subsurface drainage in the area draining to the Gulf of Mexico 
(EPA Science Advisory Board, 2007). Along with hypoxia in the gulf, high nitrate-N 
concentrations can impact local waterbodies (Fausey et al., 1995).  The 2008 Action Plan called 
for states in the Upper Mississippi River Basin to create comprehensive nutrient reduction 
strategies. As a result, the Iowa Department of Agriculture and Land Stewardship (IDALS), 
the Iowa Department of Natural Resources (IDNR), and Iowa State University (ISU) 
developed the Iowa Nutrient Reduction Strategy. In their science assessment, prepared in 2013, 
they estimate that nonpoint sources would need to reduce 41% of nitrate-N and 29% of P to 
achieve the Gulf Hypoxia Action Plan’s goal of a 45% reduction in load to rivers. They state 
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that cover crops and living mulches show great potential for nitrate-N reduction, and no-till for 
P reduction (Iowa State University Science Team, 2013). 
The conservation practice of no-till keeps soil in place with the protection of crop 
residue, protecting the soil surface from impact from precipitation and wind (Thompson et al., 
2001). It is well documented that conservation tillage reduces erosion, runoff, and the loss of 
P and other surface water contaminants (Angle et al., 1984; Honisch et al., 2002; Johnson et 
al., 1979; McGregor and Greer, 1982; Mostaghimi et al., 1988; Puustinen et al., 2005). Along 
with environmental benefits, increasing residue cover can increase organic matter and 
aggregate stability (Cambardella and Elliott, 1993; Havlin et al., 1990; Islam and Reeder, 2014; 
SalinasGarcia et al., 1997). Loss of topsoil by overland flow can decrease crop production (Al-
Kaisi, 2008; Al-Kaisi et al., 2005; Jin et al., 2009). Because of these environmental and 
agronomic benefits, no-till is becoming more popular in the United States. According to the 
Conservation Technology Information Center (2007), about 24% of cultivated acres in the 
United States were under no-till in 2007, up from 5% in 1989. 
Winter cereal rye (Secale cereal L.) shows great potential for successful growth in the 
upper Midwest because of its cold tolerance (Staver and Brinsfield, 1998). Cover crops are a 
strategy for reduction of N-loss because they use and store nutrients, immobilizing a fraction 
of the root zone nitrate otherwise available for leaching (Hartwig and Ammon, 2002; Sharpley 
and Smith, 1991; Staver and Brinsfield, 1998). Cover crops also provide vegetative cover and 
roots to reduce runoff and soil loss from agricultural lands (Sharpley and Smith, 1991; Siller 
et al., 2016; Zhu et al., 1989). Cover crops can improve soil quality by providing organic inputs 
to support biological activity and biodiversity and increasing organic matter and soil structure 
(Jokela et al., 2009; Moore et al., 2014; Veum et al., 2015; Zuazo and Pleguezuelo, 2009).  
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The impacts of both no-till and a winter rye cover crop on soil and water properties are 
likely to be location-specific (Hatfield et al., 2001). Moreover, the impacts of a winter rye 
cover crop on soil properties in a northern climate within a given location are likely to be 
variable from year-to-year because of weather patterns and subsequent rye growth.  Rye 
biomass may be especially low in cold fall or spring seasons, and it is imperative to study 
especially low biomass and its impact on both nitrate leaching and soil water availability.  
The objectives of this thesis were to quantify: 
1. The impact of no-till and a winter cereal rye cover crop on soil water content 
and soil temperature in north-central and central Iowa 
2. The impact of no-till and a winter cereal rye cover crop on nitrate-N mass 
loss and nitrate-N concentration in tile flow from subsurface drainage in north-central 
Iowa  
Thesis Organization 
Chapter 2 of this thesis examined the impact of no-till on soil water content and soil 
temperature at a site in north-central Iowa. It also examined the impact of a winter cereal rye 
cover crop at two sites, one in north-central Iowa and one in central Iowa. The impact of a 
cover crop on soil moisture and temperature is presented in the context of the different amounts 
of rye biomasses at the two different sites. This chapter summarized the results seen in a 5-
year study and compared them to similar studies in the northern U.S. corn belt. Chapter 3 of 
this thesis further presented no-till and a winter cereal rye cover crop at the north-central Iowa 
site and their impact on yield and nitrate leaching via subsurface drainage. Chapter 4 discussed 
the general conclusions from chapters 2 and 3, and suggestions for future research.  Highlights 
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for future research include: how to promote rye growth in a northern climate, and studies 
examining no-till’s impact on nitrate leaching with longer-term no-till implementation, with 
different drainage patterns, and with different soil types.  
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CHAPTER II. IMPACT OF NO-TILL AND COVER CROPS ON SOIL WATER 
CONTENT AND SOIL TEMPERATURE IN IOWA  
Abstract 
The conservation practices of no-till and cover crops are supported by the Iowa Nutrient 
Reduction strategy to mitigate the adverse environmental impacts from agricultural 
production. No-till presents the risk for a yield decrease in northern, wet climates because of 
possible decreases in spring soil temperature and increases in spring soil moisture. There isalso 
farmer concern for a yield decrease from planting a winter cereal rye cover crop. This concern 
comes at least in part from the potential for a growing (non-cash) crop to decrease available 
soil water for the emerging cash crop. The objectives of this study were to quantify the impact 
of no-till and a winter rye cover crop on daily average soil moisture and daily maximum soil 
temperature in the top 30 cm over 3 periods throughout the rye and cash crop growing seasons. 
In period 1, under corn residue, at the north central Iowa site with minimal rye biomass (ADW), 
the 5-year period mean daily average soil moisture at 10-cm was 0.246 m3 m-3 with chisel plow 
(CT) and 0.289 m3 m-3 with no-till (NT). Moisture and temperature differences from NT 
typically disappeared by period 3 (growing cash crop with canopy). At ADW, in plots with 
rye, the 20-cm depth was typically decreased of soil water under both crops and through all 3 
periods. However, the soil water depletion never put the soil moisture content below wilting 
point in the top 30 cm. At the central-Iowa site with greater biomass (ISUAG), rye frequently 
increased the amount of soil water in the top 30 cm under both crops throughout all three 
periods (with a growing cover crop, growing cash crop without/with canopy). This is likely 
due to greater rye biomass at ISUAG. The findings from this chapter stated that adequate rye 
biomass has the potential promote the mulch effect.  
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Introduction 
Both no-till and a winter rye cover crop show potential for decreasing off-site adverse 
environmental impacts from agricultural systems by reducing nutrient loss. To promote 
adaptation of these conservation practices, more research is needed to understand their impacts 
on the water budget. The conservation practice of no-till frequently decreases yields in the 
northern U.S. corn belt (Allmaras et al., 1964; Johnson and Lowery, 1985; Kaspar et al., 1990; 
Swan et al., 1996). Yield decreases under conservation tillage in wetter climates are associated 
with delayed germination and emergence (Aldarby and Lowery, 1986; Aldarby and Lowery, 
1987; Beauchamp and Lathwell, 1967), and decrease in root and shoot growth (Gupta et al., 
1983; Kaspar et al., 1987; Logsdon et al., 1987; Mackay and Barber, 1985). These adverse 
impacts on crop growth are from low soil temperature (Coelho and Dale, 1980; Imholte and 
Carter, 1987; Miedema, 1982; Shaw, 1977; Van Wijk et al., 1959) and high soil moisture 
conditions (Griffith et al., 1986; Logsdon et al., 1987; Mackay and Barber, 1985).  
Risk of yield decrease causes farmer resistance to this conservation practice (Erbach, 
1982; Jolly et al., 1983). Logsdon et al. (1987) state that low temperature has the greatest 
negative impact on corn growth, but compaction, oxygen stress from high soil moisture, and 
water stress from low soil moisture also adversely impact yield. It has been shown that, in the 
weeks prior to and following emergence, corn root growth, germination rate, and above ground 
biomass production linearly increase with an increase in temperature from 10 to 30 degrees 
Celsius (Allmaras et al., 1964; Coelho and Dale, 1980; Logsdon et al., 1987; Miedema, 1982). 
Van Wijk et al. (1959) explained that the same decrease in temperature will have a markedly 
greater yield decrease in a northern, wet climate compared to a southern location where soils 
are warmer in the spring.  
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 Cover crops can improve many soil properties, but their impacts on quantity of soil 
water are contradicting in the literature. Although they transpire water during growth, adequate 
growth of cover crops can promote a mulch effect, increased organic matter in the long-term, 
and improved infiltration which may result in an increase soil water holding capacity (Daigh 
et al., 2014; Mulumba and Lal, 2008; Steiner, 1994; Unger and Vigil, 1998). In Minnesota, 
Krueger et al. (2011) found no effect on soil water content during the cash crop growing season 
if rye was killed rather than harvested. Daigh et al. (2014) and Basche et al. (2016) found an 
increase in soil water content after the termination of rye, but a slight decrease in soil water 
when rye was at its peak growth and transpiration. Ewing et al. (1991) found that crimson 
clover depleted soil water before corn planting. Qi and Helmers (2010) found water depletion 
under rye prior to cash crop planting compared to bare soil due to increased transpiration. In 
wet conditions such as poorly drained soils, it is possible that removal of water facilitated by 
rye growth could allow for earlier planting and germination of the cash crop (Basche et al., 
2016; Qi and Helmers, 2010; Unger and Vigil, 1998).  
The impacts of both no-till and cover crops on soil moisture content and soil 
temperature are likely to be soil and climate specific, and relationships within a given soil and 
climate could change depending on precipitation, weather patterns, and length of time since 
conservation practice was implemented (Cox et al., 1990; Daigh et al., 2014; Jolly et al., 1983). 
The Major Land Resource Area (MLRA) of the north-central Iowa site has 9% of its corn-
soybean acres under no-till, which is the lowest percentage of all MLRAs in Iowa (Iowa State 
University Science Team, 2013). There is a need for more high resolution (daily) patterns of 
soil moisture and temperature prior to and throughout the growing season of the cash crop for 
both no-till and cover crops.  
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One objective of this chapter was to quantify the impact of soil moisture and 
temperature in north-central Iowa with 2 different tillage practices, no-till and chisel plow, 
over a 5-year period. The second objective of this chapter was to quantify the impact of soil 
moisture and temperature in north-central Iowa and central Iowa with 2 different conservation 
practices, no-till and no-till with a winter rye cover crop, over a 5-year period.  
Methodology 
Site descriptions 
The no-till vs. chisel plow study was conducted in Pocahontas County near Gilmore 
City, Iowa at the Agricultural Drainage Water Quality Research and Demonstration Site 
(ADW, 42°74′77″ N, 94°49′52″ W). Drainage monitoring began in 1989 and since then all plots 
have been in either continuous corn or corn-soybean rotation. Soils are clay loams (Nicollet, 
Webster, Canisteo) with 3 to 5% organic matter and are somewhat poorly to poorly drained. 
The research area is 3.8 hectares and contains 78 experimental plots total. The average slope 
is 0.5% to 1.0%. Each 0.05-hectare plot has a center drainage line 1.06 meters deep. Weather 
data were recorded and monitored using an automated meteorological data logger. This study’s 
rainfall and precipitation patterns were compared to long-term patterns as recorded by the 
National Climate Data Center station of Pocahontas, which is located 19 km west of ADW.  
The no-till with rye vs. no-till study was conducted at both ADW and the Iowa State 
University Agronomy and Agricultural Engineering Research Farm (ISUAG, 42°00′94″ N, 
93°78′06″ W). ISUAG is in Boone County, Iowa. Soils are clay loams (Clarion, Nicollet, 
Webster), and are moderately well, somewhat poorly, and poorly drained. This site also has a 
history of corn and soybean rotations, dating back to the early 1900s. The average slope is 0.5 
to 1.5% and there is artificial subsurface drainage present, however the locations of drainage 
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lines are unknown. Weather data were recorded via the Agronomy and Agricultural 
Engineering Farm Station of the Environmental Mesonet Iowa State University Agricultural 
Climate Series (IEM, 2016) and normal precipitation and temperature patterns were gathered 
from National Climate Data Center station of Ames Municipal Airport, Iowa, located 5 km 
northeast of ISUAG.  
At ADW, both studies began in the fall of 2010, or the crop year of 2011. No-till and 
cover crops started in 2009, and 2010 was considered a transition year. Before 2009, all plots 
were conventionally tilled. The treatments are: chisel plow before corn (CT-C) and before 
soybean (CT-S), no tillage before corn (NT-C) and before soybean (NT-S), and no tillage with 
rye before corn (NTr-C) and before soybean (NTr-S) (Table II-1). Each plot was in a corn-
soybean rotation, with the whole plot in either corn or soybean each year. Winter cereal rye 
(secale cereal L.) was drill-seeded at a rate of 100 kg ha-1 just following harvest each fall. Rye 
was collected for measurement shortly before it was killed using glyphosate [(N-
phosphonomethyl) glycine] in the spring. Rye was killed no less than 2 weeks prior to planting 
corn. N fertilizer was uniform over all treatments. Field operations are shown in Table II-2. 
This experiment was a completely randomized block design. The experimental plots were 
grouped into four blocks based on long-term drainage intensity: high, medium-high, medium-
low, and low, as recorded from 1989-2004. One plot in each drainage block was randomly 
assigned a treatment (6 treatments x 4 blocks = 24 plots).  
At ISUAG, cover crops were first planted in 2008, prior to the crop year 2009. The 
treatments were: no tillage before corn (NT-C) and before soybean (NT-S), and no tillage with 
rye before corn (NTr-C) and before soybean (NTr-S). Rye was drill-seeded after each harvest 
at a rate of 63 kg ha-1. Field operations at ISUAG are shown in Table II-3. There are 4 plots 
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per treatment (4 treatments x 4 plots = 16 plots). For both ADW and ISUAG, rye biomass data 
were reported from all 4 replications of each treatment, whereas soil moisture and temperature 
data were reported from only 2 replications of each treatment (further explanation below).  
Decagon Em50 5TM soil moisture and temperature sensors were installed in two plots 
within a treatment at ADW and ISUAG. At ADW, the plots were in blocks 2 and 3 (medium-
high and medium-low drainage intensity) midway between tile drains. The sensors were 
installed at a depth of 10 cm and 20 cm. To install sensors, an auger was used to excavate a 
hole in the quarter-plant-row position as described in Daigh et al. (2014). Volumetric water 
content and soil temperature were recorded at 5 minute intervals throughout the entire year. 
Gupta et al. (1983) states the importance of daily measurements over an entire season rather 
than only a couple of days of measurements to define the relationship of tillage or residue 
treatments and soil moisture or soil temperature.  
Data processing and statistical analysis 
Van Wijk et al. (1959), Burrows and Larson (1962), and Fortin and Pierce (1990) 
explain that daily maximum temperatures can be largely affected by residue cover while 
minimum temperature is not. Thus, this study used daily average for soil moisture and daily 
maximum for soil temperature, but several steps of data processing were done first. The first 
data processing step was removing the frozen data (both temperature and the corresponding 
soil water content). Data was considered frozen if the temperature reading was less than 1 
degree Celsius. Next, 5-minute readings were averaged to hourly aggregates. From the hourly 
aggregates, daily average soil moisture content and daily maximum temperature were 
calculated only if 75% (or 18 hours) of the hourly data were present. This was to ensure an 
accurate representation of fluctuation of moisture and temperature throughout each day.  
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Within each year, three periods of interest were established. Period 1 was March 1 to 
planting of a cash crop. This represents a) the active growth and transpiration of a cover crop 
(NT vs. NTr studies) or b) solely the cover of residue from the previous year’s crop (NT vs. 
CT study). Period 2 was the planting of a cash crop to July 1st. This represents the planting, 
emergence, and active growth of the cash crop prior to canopy. Period three is July 1st to 
August 31st.  Period 3 represents the growth of the cash crop after canopy, when drainage has 
typically stopped and moisture contents decrease due to plant water uptake. It was important 
to separate the growing cash crop between period 2 and 3 because there is a possibility that 
moisture and temperature relationships in relation to residue could change with the shading 
from the cash crop (Gupta et al., 1983). Similar periods have been used in other literature with 
a high number of soil moisture data recordings (Basche et al., 2016; Daigh et al., 2014; Goeken, 
2013).  
 Temperature and soil moisture data were analyzed using the generalized linear mixed 
model (GLIMMIX) in SAS (SAS, 2012).  Proc GLIMMIX was chosen because of its ability 
to handle missing data and the slicediff function. A random effects statement was included to 
account for this study using repeated measures. Each study and farm was analyzed separately 
and was analyzed by depth and year with fixed effects of period, rye presence, and cash crop. 
Least square means were calculated for each period and crop and then compared using a simple 
effect comparisons t-test. The temperature response variables were: temperature at 10 cm, 20 
cm, and temperature from 0 to 30 cm. The soil water content response variables were: 
volumetric water content at 10 cm, 20 cm, and cm of soil water in the top 30 cm. To calculate 
soil water storage and temperature in the top 30 cm, it was assumed that the 10-cm value 
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represented the entire section of 0 to 15 cm, and the 20-cm value represented the entire section 
of 15 to 30 cm. 
Weather  
ISUAG is southeast of ADW, and it has greater normal precipitation and greater normal 
temperatures (Table II-4 and Table II-5). There were unique precipitation distributions 
throughout the 5-year period. Notably, the drought of 2012 was one of the driest years since 
the 1950s at both sites (NOAA-NCDC, 2013). From May through August, ADW had 198 mm 
(normal is 466) (Table II-4), and ISUAG had 250 mm (normal is 476) (Table II-5). In contrast, 
in 2013 and 2014, both sites had low spring temperatures and intense late spring precipitation. 
In 2014, June precipitation was 1.8x (ISUAG) and 2.4x (ADW) the average amount. 
Results and Discussion 
Rye biomass  
The aboveground rye biomass in this study averaged 140 kg ha-1 before corn and 570 
kg ha-1 before soybean at ADW (Table II-6). At ADW, the rye biomass was greater in soybean 
every year compared to corn, due to longer growth time in the spring (an average of 25 more 
days of growth in soybean). In a previous study from 2005 to 2009 at ADW, rye growth was 
on average 410 kg ha-1 before corn (as high as 910 kg ha-1) and 1,600 kg ha-1 before soybean 
(as high as 3,000 kg ha-1) (Qi et al., 2011). In the previous study, all plots were conventionally 
tilled, so decreased growth because of residue in NT plots combined with weather (high spring 
and October temperatures and precipitation) could explain the previous study’s higher rye 
biomass values. Examples of the correlation of low rye biomass and weather at ADW is further 
explained in chapter III.  
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The aboveground rye biomass at ISUAG was, on average, 770 kg ha-1 before corn and 
1,230 kg ha-1 before soybean (Table II-6). At this site, there was an average of 11 days between 
terminating plots (ranging from 0 to 19) before corn and soybean. Biomass in plots going to 
corn were higher in 2015, despite being killed earlier. This cannot explained by monthly 
precipitation and temperature averages, but could be attributed to greater residue on the ground 
following corn or from low fall residual soil nitrate from the previous corn crop. Kaspar et al. 
(2012) also measured greater cover crop biomass following soybean compared to corn. The 
crop year of 2013 had the highest rye biomass in plots going to soybean at ISUAG. This 
correlated with a warm wet spring in 2013 (Table II-5), and relatively early seeding of rye in 
September of 2012 (Table II-3).  The crop year of 2015 had the highest rye biomass in plots 
going to corn at ISUAG, correlating with a warm and wet October in 2014 (Table II-5). Pantoja 
et al. (2016) compiled results from 4 sites across Iowa over 2 crop-years and found a mean of 
900 kg ha-1 of rye before corn and 1,020 kg ha-1 of rye before soybean. They found a correlation 
of low biomass with cooler climates, shorter springs, and low post harvest soil nitrate. Higher 
rye biomass at ISUAG compared to ADW is likely due to a shorter growing period for rye 
from earlier fall freezes and later spring thaws at ADW.  
Impact of NT on soil moisture  
Period means of daily average volumetric water content and soil water for CT and NT 
at ADW are summarized in Table II-7. Daily means of volumetric water content and soil water 
for CT and NT at ADW are presented by period in Appendix A. Corn residue (in a soybean 
crop year) impacted soil moisture at the 10-cm depth more than soybean residue (example in 
Figure II-1 and Figure II-2). Soybean residue (a corn crop year) with NT did not significantly 
impact soil moisture at either depth compared to CT when averaged throughout the entire study 
16 
 
(Table II-7). Over the five years, NT-S (under corn residue) had 0.043 m3 m-3 greater mean 
10-cm moisture content in period 1 (p=0.05) and 0.044 m3 m-3 greater in period 2 (p=0.05) 
than CT-S (Table II-7). Soil moisture content at the 20-cm depth was less impacted than the 
10-cm depth (Figure II-3 and Figure II-4). 
In a wet spring (period 1 in 2013) at ADW, NT-C had 0.050 m3 m-3 higher moisture 
content at 10 cm (p=0.09) compared to CT-C and NT-S had 0.090 m3 m-3 higher moisture 
content at 10 cm (p=0.01) compared to NT-S (Figure II-1 and Figure II-2) (Table II-7). The 
summer of 2013 was very dry and NT-S retained significantly higher 10-cm soil moisture 
content compared to CT-S in period 2 (0.104 m3 m-3 difference; p=0.004) and period 3 (0.062 
m3 m-3 difference; p=0.05) (Figure II-5 and Figure II-6) (Table II-7). The differences measured 
over the 5-year average in this study in NT in the top 10-cm in the period prior to planting 
(0.010 m3 m-3 greater in NT before corn and 0.043 m3 m-3 greater in NT before soybean) are 
similar to what Johnson et al. (1984) found (a difference of 0.045 m3 m-3) at 7.6 cm prior to 
planting over a three-year period in continuous corn. The volumetric water contents during the 
beginning of the growing season (period 2) in this study at ADW averaged over 5 years were, 
0.317 m3 m-3 in NT compared to 0.273 m3 m-3 in CT with soybean (under corn residue). This 
study found a greater change in moisture content under corn residue than Johnson et al. (1984) 
who observed a deficit of 0.011 m3 m-3 in CT compared to NT during the growing season in 
continuous corn. The differences during the beginning of the growing season (period 2) with 
corn (under soybean residue) averaged over 5 years were 0.300 m3 m-3 in NT compared to 
0.288 m3 m-3 in CT. 
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Impact of NT on soil temperature 
Period means of maximum soil temperature for CT and NT at ADW are summarized 
in Table II-8. Daily maximums of soil temperature for CT and NT at ADW are presented by 
period in Appendix B.  Temperature was less affected than moisture. In periods 1 and 2, CT-S 
was frequently higher in daily maximum soil temperature in the top 30 cm than NT-S (Figure 
II-7 and Figure II-8), and were the same by period 3 (Figure II-9). Johnson and Lowery (1985) 
also found that temperature differences disappeared by June. On average, the differences 
between tillage treatment were less than 1 degree Celsius (Table II-8). Gupta et al. (1983) 
considered differences to be minor if they are less than 3 degrees Celsius. However, Walker 
(1969) states that 1 degree Celsius difference can impact corn growth. Overall, the temperature 
differences measured at ADW were smaller than those found in other studies.  In a 9-year study 
in Indiana, Griffith et al. (1988) found the 4-week daily average temperature reduction in corn 
following soybean was between 1 and 3 degrees Celsius in no-till compared to plow tillage. 
Kaspar et al. (1990) reported differences ranging from 4 to 6 degrees Celsius in the 20-day 
average maximum daily temperature in late spring. The largest decrease in temperature (4 
degrees Celsius in period 1 2014) correlates with the largest decrease in corn yield with no-till 
(yields for ADW are presented in chapter III). Aside from this instance in Period 1 of 2014 (a 
cold and wet spring), there were several occasions where temperatures were lower with no-till 
with corn residue, but not soybean residue (Figure II-10 and Figure II-11). Several studies state 
that soybean residue impacts soil temperature less than corn residue (Erbach, 1982; Griffith et 
al., 1988; Swan et al., 1996), which is what was found in this study.  
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Impact of rye on soil moisture 
Period means of daily volumetric water content and soil water for NT and NTr at ADW 
are summarized in Table II-9. Daily means of volumetric water content and soil water for NT 
and NTr at ADW are presented by period in Appendix C. At ADW, at both 10-cm and 20-cm 
depths, in both corn and soybean phases, soil moisture with NTr was commonly lower than 
with NT in periods 1 and 2 (Figures II-12 through II-15) but this effect was more significant 
at the 20-cm depth (Table II-9). This is likely due to increased transpiration and rye depleting 
the 20-cm soil water in period 1. Soil moisture content was depleted at the 20-cm depth for 
both NTr-S and NTr-C compared to NT, despite the lower biomass in NTr-C (Table II-6). 
When averaged over all 5 years, the 20-cm depth soil water content was 0.039 m3 m-3 lower in 
plots with rye in period 1 before corn (p=0.04), and 0.032 m3 m-3 lower in plots with rye in 
period 1 before soybean (p=0.08) (Table II-9).  In period 2, when rye was no longer transpiring, 
at the 20-cm depth, and when averaged over all 5 years, the soil moisture content was still 
0.036 m3 m-3 (corn; p = 0.06) and 0.038 m3 m-3 (soybean; p = 0.05) lower in plots with rye. 
Although the 10-cm moisture content was commonly lower in NTr plots compared to NT, this 
was rarely significant (Table II-9). This suggests that perhaps evaporation was decreased from 
the mulch effect, but not great enough to cancel out the effects of increased transpiration. 
  Period means of daily volumetric water content and soil water for NT and NTr at 
ISUAG are summarized in Table II-10. Daily means of volumetric water content and soil water 
for NT and NTr at ISUAG are presented by period in Appendix E. At ISUAG, when averaged 
over all 5 years, rye significantly increased soil water in the top 30 cm before corn in periods 
1 (1.27 cm increase, p=0.05) and 2 (1.19 increase, p=0.07) (Table II-10). The greatest increase 
in NTr compared to NT before corn was in all three periods in year 2015, a wet year (Figure 
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II-16, Figure II-17, and Figure II-18). This year also had the greatest rye growth before corn 
(1150 kg ha-1; Table II-6). The most pronounced increase in top 30-cm soil water in NTr-S 
compared to NT-S was in periods 1 and 2 in 2012, a drought year (Figure II-19 and Figure II-
20). Similar to what was observed by Daigh et al. (2014) and Basche et al. (2016), even during 
period 1 when rye was depleting moisture because of transpiration, soil moisture was recharged 
in rye plots after a precipitation event in both wet and dry springs (Figure II-21 and Figure II-
22).  
One of the reasons ISUAG retained more soil water in the top 30 cm, while ADW did 
not, is likely the amount of rye growth. Studies that found similar rye biomass to ADW (Daigh 
et al., 2014; Krueger et al., 2011; Qi and Helmers, 2010) reported no increase in soil water. 
Studies with greater rye biomass than ADW and as much as ISUAG (Basche et al., 2016; Daigh 
et al., 2014) reported an increase in soil water. In a study in Boone County, IA, Basche et al. 
(2016) measured 0.03-0.04 m3 m-3 lower soil moisture content in cover crop plots on individual 
spring days when the cover crop was growing, but no significant difference by the time cash 
crop was planted. Once the cash crop was growing and up to July 10th, Basche et al. (2016) 
found greater water content means with the cover crop (around 0.02 – 0.03 m3 m-3) through 
the summer period. They attribute greater soil water content to decreased soil evaporation, 
increased aggregation, and increased organic matter resulting in increased infiltration (Jokela 
et al., 2009; Moore et al., 2014; Unger and Vigil, 1998). In theory, all of these soil properties 
would increase with an increase in rye shoot or root growth, but may be possibly overshadowed 
by transpiration. 
The greatest rye growth at ADW in NTr-S was in 2015 (880 kg ha-1) (Table II-6), which 
was similar to rye biomass at ISUAG in NTr-S that year (960 kg ha-1). ISUAG soil moisture 
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content was not significantly impacted in NTr-S plots compared to NT-S plots at the 10-cm 
depth or 20-cm depth in period 1 of 2015 (Table II-10). However, ADW soil moisture content 
had a 0.048 m3 m-3 decrease in rye plots at 20-cm (p=0.07), and no significant difference at 10 
cm in this same period (Table II-9). ISUAG generally had between 2x and 9x greater rye 
biomass than ADW throughout the study (Table II-6). ADW had similar rye biomass to ISUAG 
in 2015 but still significantly lower soil moisture at the 20-cm depth compared to NT. This 
suggests that one year of relatively high rye biomass is not enough to promote an increase in 
soil water with rye in that year because ISUAG and ADW soil water responded differently 
despite having similar rye biomass.  Soil water holding capacity is impacted by presence of 
organic matter, soil aggregation, and soil porosity (Emerson, 1995; Hudson, 1994; Kay, 1998). 
Long-term higher biomass of rye at ISUAG could have increased these soil properties over 
time, thus increasing soil water holding capacity, which could explain the results of this study.   
Impact of rye on soil temperature  
Period means of maximum soil temperature for NT and NTr at ADW are summarized 
in Table II-11. Daily maximums of soil temperature for NT and NTr at ADW are presented by 
period in Appendix D. Period means of maximum soil temperature for NT and NTr at ISUAG 
are summarized in Table II-12. Daily maximums of soil temperature for NT and NTr at ISUAG 
are presented by period in Appendix F.   There is considerable literature on the impact of crop 
residue on temperature, but not in the context of a growing mulch such as a cover crop. Residue 
on the surface increases resistance to heat and vapor transfer, which can lead to maintaining 
cooler temperatures in the spring (Horton et al., 1994; Sauer et al., 1996). At ADW, 
temperature differences were rarely significant, but NTr-S had significantly higher 
temperatures than NT-S plots in 2012 and 2013 (two very dry years) (Table II-11). At ISUAG, 
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temperature differences were rarely significant (Table II-12). Temperatures were significantly 
higher at ISUAG in NTr-C compared to NT-C during periods 2 and 3 in 2013, which was a 
very dry summer.   
Discussion and Conclusion 
This study illustrates how no tillage influences soil moisture and temperature in north-
central Iowa over 5 different weather patterns observed throughout a 5-year period. NT 
increased daily average soil moisture content and decreased maximum daily soil temperature 
most significantly at the 10-cm depth under corn residue (soybean crop year). Increases in soil 
moisture under NT corn residue, compared to chisel plow, had a five-year soil moisture content 
average of 0.043 m3 m-3 in period 1, 0.044 m3 m-3 and period 2, and 0.026 m3 m-3 in period 3. 
Decreases in daily maximum soil temperature under NT corn residue, compared to chisel plow, 
had a five-year average of 0.5 degrees C in period 1, 0.9 degrees C in period 2, and 0.2 degrees 
C in period 3.  These increases in soil moisture (similar in magnitude to other studies) and 
decreases in soil temperature (lower in magnitude compared to other studies) likely contribute 
to the yield decreases found in NT plots. Yield data is presented in chapter III.  
 This study also illustrated how cover crops can influence soil water and temperature 
at two different Iowa sites over a 5-year period. At ADW, the north-central site with minimal 
rye growth, rye decreased soil moisture content at the 20-cm depth. The decrease in soil 
moisture at the 20-cm depth was present over most periods (despite the cover crop being 
terminated), and was often significant in both corn and soybean. This depletion at 20-cm is 
likely due to water uptake from rye roots in the first period, and not enough rye biomass to 
increase soil water holding capacity or the mulching effect in later periods. At this site, 10-cm 
soil moisture was rarely significantly impacted by the presence of rye, and when differences 
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were significant, rye plots had less moisture than plots without rye. Although the reductions in 
soil moisture were significant, no soil moisture content when averaged over the top 30 cm was 
below wilting point, which Or et al. (2012) states is 15% for clay loams. This suggests that the 
lesser moisture contents associated with NTr at ADW could improve spring trafficability 
without compromising summer crop growth due to lack of water.  
At ISUAG, the site with greater rye growth, rye increased soil moisture content at both 
the 10-cm and 20-cm depth (also combined as soil water in the top 30 cm). Soil water in the 
top 30 cm was either very similar (within 0.32 cm) in plots with and without rye or significantly 
greater in rye plots. Soil temperature was rarely impacted by the presence of rye at either site. 
Although the results found between the two different studies appear to contradict each other, 
i.e. increase in soil water from rye (ISUAG) and decrease in soil water from rye (ADW), it 
supports the compiled literature stating that amount of rye biomass affects the impact of rye 
on soil water. Future research should emphasize promoting rye biomass in a northern climate 
such as ADW.  
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Tables 
Table II-1. Treatments for crop-years 2011-2015. All plots were in a corn-soybean rotation. 
Site Treatment 
Spring 
Cover 
Crop 
Fall 
Tillage 
Spring 
Tillage 
ADW CT-S fallow soybean chisel plow 
field 
cultivation 
ADW & ISUAG NT-S fallow soybean no-till no-till 
ADW & ISUAG NTr-S winter cereal rye soybean no-till no-till 
ADW CT-C fallow corn chisel plow 
field 
cultivation 
ADW & ISUAG NT-C fallow corn no-till no-till 
ADW & ISUAG NTr-C winter cereal rye corn no-till no-till 
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Table II-2. Field operations from 2011 to 2015 at ADW. 
Operation at ADW 2011 Crop 2012 Crop 2013 Crop 2014 Crop 2015 Crop 
Drill-seed rye in corn residue  
100 kg ha-1 10/13/2010 10/12/2011 10/12/2012 10/31/2013 10/16/2014 
Drill-seed rye in soybean residue  
100 kg ha-1 
10/13/2010 10/12/2011 10/8/2012 10/31/2013 10/16/2014 
Chisel plow CT 11/29/2010 11/17/2011 11/13/2012 11/21/2013 11/10/2014 
Collect rye in plots going to corn 4/28/2011 4/10/2012 4/25/2013 4/17/2014 4/16/2015 
Terminate rye in plots going to 
corn 
5/2/2011 4/12/2012 4/25/2013 4/17/2014 4/17/2015 
Field cultivate CT-C  5/9/2011 5/8/2012 5/13/2013 5/7/2014 4/29/2015 
Plant corn 5/10/2011 5/10/2012 5/14/2013 5/7/2014 4/30/2015 
Collect rye in plots going to 
soybean 
5/9/2011 5/9/2012 5/22/2013 5/20/2014 5/12/2015 
Terminate rye in plot going to 
soybean 
5/11/2011 5/9/2012 5/23/2013 5/20/2014 5/15/2015 
Field cultivate CT-S 5/9/2011 5/8/2012 6/6/2013 5/22/2014 4/29/2015 
Plant soybean 5/11/2011 5/16/2012 6/6/2013 5/22/2014 5/28/2015 
Apply aqua ammonia to corn  
(168 kg N ha-1) 
6/16/2011 6/19/2012 6/13/2013 6/24/2014 6/26/2015 
Harvest soybean 10/6/2011 9/25/2012 10/21/2013 10/16/2014 10/12/2015 
Harvest corn 10/12/2011 10/4/2012 10/29/2013 10/8/2014 10/20/2015 
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Table II-3. Fields operations from 2011 to 2015 at ISUAG. 
Operation at ISUAG 2011 Crop 2012 Crop 2013 Crop 2014 Crop 2015 Crop 
Drill-seed rye in soybean residue  
63 kg ha-1 
10/5/2010 10/3/2011 9/20/2012 10/2/2013 9/30/2014 
Drill-seed rye in corn residue  
63 kg ha-1 
10/5/2010 10/6/2011 9/20/2012 10/10/2013 10/22/2014 
Collect rye in plots going to corn 4/29/2011 4/6/2012 4/25/2013 5/5/2014 4/29/2015 
Terminate rye in plots going to 
corn 
5/2/2011 4/6/2012 4/27/2013 5/6/2014 4/29/2015 
Plant corn 5/10/2011 4/26/2012 5/17/2013 5/19/2014 5/13/2015 
Collect rye in plots going to 
soybean 
5/8/2011 4/25/2012 5/15/2013 5/5/2014 5/8/2015 
Terminate rye in plots going to 
soybean 
5/10/2011 4/25/2012 5/15/2013 5/6/2014 5/9/2015 
Plant soybean 5/10/2011 5/11/2012 5/24/2013 5/20/2014 5/23/2015 
Apply UAN 134 kg N ha-1 
to corn 
5/19/2011 5/11/2012 6/13/2013 6/11/2014 6/2/2015 
Sample corn canopy 7/8/2011 6/25/2012 7/10/2013 6/10/2014 7/7/2015 
Harvest soybean 9/30/2011 9/19/2012 10/2/2013 9/30/2014 10/14/2015 
Harvest corn 10/5/2011 9/17/2012 10/8/2013 10/20/2014 10/2/2015 
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Table II-4. Weather at ADW. 
Month 
Average Precipitation (mm) Average Air Temperature (degrees Celsius) 
2010 2011 2012 2013 2014 2015 Normal* 2010 2011 2012 2013 2014 2015 Normal* 
Jan  0 3 4 0 3 23  -10.7 -4.2 -7.2 -10.4 -6.5 -8.4 
Feb  29 40 7 8 0 20  -6.3 -2.7 -5.3 -11.5 -10.1 -5.7 
Mar  6 47 17 6 18 53  0.1 9.7 -2.8 -1.9 2.9 1.1 
Apr  86 125 198 122 125 85  7.6 10.9 5.4 7.6 10.1 8.8 
May  102 50 186 87 131 104  14.9 18.2 14.0 15.7 15.0 15.5 
Jun  185 94 81 302 154 124  21.0 22.3 20.4 20.9 20.9 21.1 
Jul  73 29 46 36 48 119  24.9 24.9 22.6 20.0 22.1 22.9 
Aug  22 25 36 154 224 119  21.1 20.8 21.6 21.2 19.7 21.6 
Sep  24 52 11 78 51 73  14.8 16.0 18.8 16.1 19.4 16.9 
Oct 14 4 39 54 39 33 53 11.2 11.0 8.3 9.4 9.8 11.0 9.9 
Nov 3 8 12 35 6 81 45 2.0 2.9 3.3 0.0 -1.3 4.1 1.4 
Dec 6 25 14 1 0 46 32 -7.9 -2.8 -3.8 -9.7 -4.1 1.2 -6.4 
Annual  565 529 676 839 913 852        
*From: Climatological Data for Iowa, National Climate Data Center for Pocahontas, Iowa 1981-2010 
 
Table II-5. Weather at ISUAG. 
Month 
Average precipitation (mm) Average air temperature (degrees Celsius) 
2010 2011 2012 2013 2014 2015 Normal* 2010 2011 2012 2013 2014 2015 Normal* 
Jan  7 3 3 1 20 19  8 4.3 5.2 6.5 3.6 -6.8 
Feb  3 7 2 7 6 24  6.4 3.5 4.9 10.2 9.7 -4.1 
Mar  4 12 11 5 2 53  2.6 3.3 3.4 4.5 3.3 2.7 
Apr  103 118 128 117 66 87  7.4 9.8 6.5 8.6 8.8 9.8 
May  117 63 180 108 115 117  15.9 19.5 15.7 16.6 16.7 15.8 
Jun  128 75 77 225 175 128  21.7 22.8 21.3 21.7 21.5 21.1 
Jul  99 37 26 73 151 119  25.7 26.4 23.2 20.9 22.6 23 
Aug  91 75 55 145 209 112  22.6 22.3 22.9 22.4 20.9 21.7 
Sep  51 47 30 140 128 77  16.5 18.1 20.4 17.6 20.9 17.1 
Oct 12 22 59 64 95 32 65 13.3 12.9 10.5 11.2 11.7 12.4 10.4 
Nov 58 68 23 35 26 69 53 4 5.2 5.1 1.7 -0.6 6 2.4 
Dec 20 57 26 9 30 132 26 -6.5 -0.5 -2.2 -7.8 -1.5 0.5 -4.9 
Annual  751 543 618 972 1107 881        
*From: Climatological Data for Iowa, National Climate Data Center for Ames Municipal Airport, Iowa 1981-2010 
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Table II-6. Rye biomass before corn and soybean at ADW and ISUAG 
Year 
ADW rye biomass (kg ha-1) ISUAG rye biomass (kg ha-1) 
NTr-C NTr-S NTr-C NTr-S 
2011 320 560 610 700 
2012 160 320 1070 1940 
2013 100 390 580 2310 
2014 1 680 440 250 
2015 130 880 1150 960 
Average 140 570 770 1230 
31 
 
Table II-7. ADW period mean daily average soil moisture content with fall chisel plow (CT) and no-till (NT) at ADW at 10 cm (left), 20 cm (center), and soil 
water in top 30 cm (right) 
Period mean daily average soil moisture content (m3 m-3) at 10 
cm at ADW 
 Period mean daily average soil moisture content (m
3 m-3) at 20 
cm at ADW 
 Period mean daily average soil water (cm) in the top 30 cm at 
ADW 
Year period crop CT NT p-value  Year period crop CT NT p-value  Year period crop CT NT p-value 
2011 2 corn 0.300 0.325 0.72  2011 2 corn 0.359 0.373 0.84  2011 2 corn 9.98 10.47 0.82 
2011 3 corn 0.200 0.265 0.38  2011 3 corn 0.289 0.286 0.96  2011 3 corn 7.45 8.26 0.70 
2012 1 corn 0.272 0.256 0.64  2012 1 corn 0.283 0.302 0.51  2012 1 corn 8.32 8.37 0.95 
2012 2 corn 0.248 0.254 0.87  2012 2 corn 0.291 0.319 0.36  2012 2 corn 8.09 8.59 0.59 
2012 3 corn 0.171 0.162 0.77  2012 3 corn 0.206 0.245 0.21  2012 3 corn 5.65 6.10 0.62 
2013 1 corn 0.236 0.286 0.09  2013 1 corn 0.313 0.300 0.79  2013 1 corn 8.25 8.80 0.58 
2013 2 corn 0.260 0.298 0.18  2013 2 corn 0.340 0.333 0.89  2013 2 corn 9.01 9.47 0.64 
2013 3 corn 0.189 0.179 0.73  2013 3 corn 0.217 0.221 0.94  2013 3 corn 6.09 6.01 0.93 
2014 1 corn 0.325 0.275 0.09  2014 1 corn 0.321 0.288 0.60  2014 1 corn 9.69 8.46 0.37 
2014 2 corn 0.343 0.305 0.17  2014 2 corn 0.373 0.320 0.42  2014 2 corn 10.73 9.37 0.32 
2014 3 corn 0.287 0.259 0.29  2014 3 corn 0.348 0.282 0.33  2014 3 corn 9.51 8.12 0.31 
2015 1 corn 0.282 0.307 0.48  2015 1 corn 0.300 0.320 0.71  2015 1 corn 8.75 9.40 0.61 
2015 2 corn 0.312 0.330 0.60  2015 2 corn 0.330 0.349 0.72  2015 2 corn 9.61 10.18 0.66 
2015 3 corn 0.272 0.271 0.97  2015 3 corn 0.299 0.332 0.54  2015 3 corn 8.75 9.38 0.62 
2011-2015 1 corn 0.270 0.280 0.65  2011-2015 1 corn 0.298 0.303 0.84  2011-2015 1 corn 8.53 8.73 0.73 
2011-2015 2 corn 0.288 0.300 0.57  2011-2015 2 corn 0.328 0.334 0.79  2011-2015 2 corn 9.23 9.51 0.63 
2011-2015 3 corn 0.221 0.222 0.99  2011-2015 3 corn 0.264 0.267 0.90  2011-2015 3 corn 7.28 7.32 0.95 
2011 2 soybean 0.314 0.371 0.44  2011 2 soybean 0.324 0.392 0.36  2011 2 soybean 9.57 11.54 0.38 
2011 3 soybean 0.258 0.278 0.78  2011 3 soybean 0.289 0.322 0.64  2011 3 soybean 8.32 9.03 0.73 
2012 1 soybean 0.233 0.270 0.30  2012 1 soybean 0.290 0.296 0.83  2012 1 soybean 7.85 8.49 0.49 
2012 2 soybean 0.233 0.285 0.17  2012 2 soybean 0.310 0.322 0.68  2012 2 soybean 8.14 9.10 0.32 
2012 3 soybean 0.141 0.203 0.12  2012 3 soybean 0.227 0.215 0.67  2012 3 soybean 5.52 6.27 0.43 
2013 1 soybean 0.200 0.290 0.01  2013 1 soybean 0.314 0.305 0.85  2013 1 soybean 7.72 8.93 0.26 
2013 2 soybean 0.210 0.314 0.004  2013 2 soybean 0.336 0.328 0.87  2013 2 soybean 8.19 9.63 0.19 
2013 3 soybean 0.176 0.238 0.05  2013 3 soybean 0.264 0.266 0.97  2013 3 soybean 6.60 7.55 0.36 
2014 1 soybean 0.273 0.285 0.63  2014 1 soybean 0.295 0.329 0.59  2014 1 soybean 8.54 9.21 0.61 
2014 2 soybean 0.300 0.292 0.75  2014 2 soybean 0.333 0.365 0.61  2014 2 soybean 9.50 9.87 0.77 
2014 3 soybean 0.251 0.243 0.73  2014 3 soybean 0.274 0.334 0.37  2014 3 soybean 7.88 8.64 0.56 
2015 1 soybean 0.280 0.317 0.30  2015 1 soybean 0.297 0.307 0.84  2015 1 soybean 8.65 9.34 0.60 
2015 2 soybean 0.297 0.355 0.14  2015 2 soybean 0.324 0.343 0.72  2015 2 soybean 9.32 10.50 0.38 
2015 3 soybean 0.255 0.274 0.60  2015 3 soybean 0.293 0.298 0.93  2015 3 soybean 7.67 8.54 0.51 
2011-2015 1 soybean 0.246 0.289 0.05  2011-2015 1 soybean 0.299 0.306 0.76  2011-2015 1 soybean 8.19 8.92 0.23 
2011-2015 2 soybean 0.273 0.317 0.05  2011-2015 2 soybean 0.326 0.347 0.38  2011-2015 2 soybean 8.95 9.91 0.12 
2011-2015 3 soybean 0.209 0.235 0.22  2011-2015 3 soybean 0.265 0.266 0.97  2011-2015 3 soybean 7.04 7.52 0.42 
3
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Table II-8. ADW period mean daily maximum soil temperature with chisel plow (CT) and no-till (NT) at ADW at 10 cm (left), 20 cm (center), and in top 30 cm      
(right)  
Period mean daily maximum soil temperature (°C) at 10 cm at 
ADW 
 
Period mean daily maximum soil temperature (°C) at 20 cm at 
ADW 
 
Period mean daily maximum soil temperature (°C) in the top 30 
cm at ADW 
Year period crop CT NT p-value  Year period crop CT NT p-value  Year period crop CT NT p-value 
2011 2 corn  25.1 22.9 0.15  2011 2 corn  22.6 20.8 0.10  2011 2 corn  21.4 21.0 0.67 
2011 3 corn  25.5 25.1 0.74  2011 3 corn  23.8 23.7 0.96  2011 3 corn  23.2 23.7 0.55 
2012 1 corn  15.6 15.1 0.47  2012 1 corn  12.9 13.0 0.83  2012 1 corn  12.4 12.2 0.55 
2012 2 corn  24.4 24.0 0.53  2012 2 corn  21.5 21.7 0.80  2012 2 corn  20.9 20.9 0.93 
2012 3 corn  25.1 25.5 0.54  2012 3 corn  23.2 23.7 0.51  2012 3 corn  22.9 23.2 0.51 
2013 1 corn  9.6 9.1 0.49  2013 1 corn  8.3 7.7 0.25  2013 1 corn  7.3 7.0 0.55 
2013 2 corn  23.2 22.3 0.30  2013 2 corn  20.6 19.6 0.06  2013 2 corn  19.7 19.1 0.27 
2013 3 corn  25.8 25.3 0.52  2013 3 corn  24.0 22.7 0.01  2013 3 corn  23.2 22.5 0.14 
2014 1 corn  13.0 8.9 0.12  2014 1 corn  10.8 7.4 0.09  2014 1 corn  9.8 7.1 0.09 
2014 2 corn  24.0 22.0 0.38  2014 2 corn  21.9 19.7 0.22  2014 2 corn  20.7 19.2 0.30 
2014 3 corn  25.2 24.5 0.75  2014 3 corn  23.4 22.6 0.63  2014 3 corn  22.6 22.3 0.78 
2015 1 corn  10.0 12.4 0.36  2015 1 corn  8.5 9.3 0.62  2015 1 corn  7.5 8.6 0.49 
2015 2 corn  21.4 21.9 0.82  2015 2 corn  19.5 18.9 0.71  2015 2 corn  18.2 18.2 0.96 
2015 3 corn  25.1 25.9 0.74  2015 3 corn  22.7 22.4 0.84  2015 3 corn  21.6 21.7 0.91 
2011-2015 1 corn  12.4 11.7 0.43  2011-2015 1 corn  10.4 9.7 0.32  2011-2015 1 corn  9.6 9.0 0.41 
2011-2015 2 corn  23.5 22.6 0.35  2011-2015 2 corn  21.0 20.1 0.20  2011-2015 2 corn  20.1 19.6 0.49 
2011-2015 3 corn  25.3 25.2 0.92  2011-2015 3 corn  23.5 23.2 0.65  2011-2015 3 corn  22.9 22.8 0.98 
2011 2 soybean 24.3 23.5 0.55  2011 2 soybean 22.5 21.2 0.21  2011 2 soybean 21.0 20.5 0.60 
2011 3 soybean 25.7 27.2 0.28  2011 3 soybean 23.9 24.9 0.33  2011 3 soybean 23.2 24.4 0.18 
2012 1 soybean 15.3 13.2 0.01  2012 1 soybean 13.2 12.2 0.19  2012 1 soybean 12.5 11.8 0.08 
2012 2 soybean 24.3 22.2 0.01  2012 2 soybean 21.7 20.7 0.21  2012 2 soybean 21.3 20.2 0.02 
2012 3 soybean 25.8 25.4 0.51  2012 3 soybean 23.7 24.0 0.59  2012 3 soybean 23.4 23.6 0.64 
2013 1 soybean 12.0 10.9 0.19  2013 1 soybean 10.7 9.9 0.11  2013 1 soybean 10.0 9.6 0.39 
2013 2 soybean 23.0 21.8 0.22  2013 2 soybean 20.8 20.1 0.31  2013 2 soybean 20.4 19.8 0.39 
2013 3 soybean 24.6 24.0 0.44  2013 3 soybean 22.9 22.6 0.51  2013 3 soybean 22.4 22.3 0.76 
2014 1 soybean 11.9 13.6 0.46  2014 1 soybean 10.9 10.9 1.00  2014 1 soybean 9.5 10.2 0.58 
2014 2 soybean 25.8 26.0 0.92  2014 2 soybean 23.0 22.1 0.59  2014 2 soybean 21.9 21.4 0.71 
2014 3 soybean 25.4 27.3 0.40  2014 3 soybean 23.1 23.5 0.81  2014 3 soybean 22.4 22.7 0.83 
2015 1 soybean 12.0 12.1 0.97  2015 1 soybean 11.2 10.4 0.63  2015 1 soybean 10.6 10.0 0.67 
2015 2 soybean 21.5 22.8 0.60  2015 2 soybean 21.6 21.6 0.98  2015 2 soybean 21.1 21.0 0.95 
2015 3 soybean 23.5 25.0 0.55  2015 3 soybean 21.9 23.6 0.33  2015 3 soybean 22.6 23.0 0.80 
2011-2015 1 soybean 12.9 12.4 0.55  2011-2015 1 soybean 11.6 10.9 0.33  2011-2015 1 soybean 10.7 10.5 0.72 
2011-2015 2 soybean 24.0 23.0 0.30  2011-2015 2 soybean 22.1 20.9 0.12  2011-2015 2 soybean 21.2 20.4 0.30 
2011-2015 3 soybean 25.2 25.3 0.89  2011-2015 3 soybean 23.3 23.5 0.72  2011-2015 3 soybean 22.9 23.1 0.78 
3
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Table II-9. ADW period mean daily average soil moisture content with no-till (NT) and no-till rye (NTr) at ADW at 10 cm (left), 20 cm (center), and soil water   
(cm) in top 30 cm (right) 
Period mean daily average soil moisture content (m3 m-3) at 10 
cm at ADW 
 Period mean daily average soil moisture content (m
3 m-3) at 20 
cm at ADW 
 Period mean daily average soil water (cm) in the top 30 cm at 
ADW 
year period crop NT NTr p-value  year period crop NT NTr p-value  year period crop NT NTr p-value 
2011 2 corn 0.325 0.355 0.39  2011 2 corn 0.373 0.370 0.89  2011 2 corn 10.47 10.88 0.53 
2011 3 corn 0.265 0.284 0.56  2011 3 corn 0.286 0.334 0.07  2011 3 corn 8.26 9.58 0.07 
2012 1 corn 0.256 0.251 0.76  2012 1 corn 0.302 0.257 0.16  2012 1 corn 8.37 7.63 0.24 
2012 2 corn 0.254 0.274 0.23  2012 2 corn 0.319 0.268 0.12  2012 2 corn 8.59 8.13 0.45 
2012 3 corn 0.162 0.182 0.24  2012 3 corn 0.245 0.148 0.02  2012 3 corn 6.10 4.94 0.10 
2013 1 corn 0.286 0.237 0.03  2013 1 corn 0.300 0.265 0.03  2013 1 corn 8.80 7.37 0.01 
2013 2 corn 0.298 0.278 0.38  2013 2 corn 0.333 0.312 0.14  2013 2 corn 9.47 8.75 0.16 
2013 3 corn 0.179 0.182 0.89  2013 3 corn 0.221 0.238 0.24  2013 3 corn 6.01 6.16 0.73 
2014 1 corn 0.275 0.272 0.91  2014 1 corn 0.288 0.256 0.25  2014 1 corn 8.46 7.94 0.44 
2014 2 corn 0.304 0.291 0.58  2014 2 corn 0.319 0.279 0.17  2014 2 corn 9.35 8.75 0.41 
2014 3 corn 0.270 0.257 0.58  2014 3 corn 0.291 0.242 0.12  2014 3 corn 8.41 7.87 0.45 
2015 1 corn 0.308 0.271 0.36  2015 1 corn 0.320 0.276 0.08  2015 1 corn 9.40 8.24 0.26 
2015 2 corn 0.330 0.318 0.73  2015 2 corn 0.349 0.287 0.03  2015 2 corn 10.18 8.91 0.22 
2015 3 corn 0.271 0.297 0.50  2015 3 corn 0.332 0.279 0.05  2015 3 corn 9.39 8.65 0.44 
2011-2015 1 corn 0.280 0.262 0.39  2011-2015 1 corn 0.303 0.264 0.04  2011-2015 1 corn 8.73 7.91 0.14 
2011-2015 2 corn 0.299 0.303 0.82  2011-2015 2 corn 0.334 0.298 0.06  2011-2015 2 corn 9.49 9.03 0.40 
2011-2015 3 corn 0.227 0.244 0.42  2011-2015 3 corn 0.270 0.230 0.04  2011-2015 3 corn 7.45 7.08 0.50 
2011 2 soybean 0.372 0.358 0.68  2011 2 soybean 0.392 0.332 0.03  2011 2 soybean 11.54 10.35 0.10 
2011 3 soybean 0.279 0.266 0.70  2011 3 soybean 0.322 0.251 0.01  2011 3 soybean 9.02 7.67 0.06 
2012 1 soybean 0.270 0.253 0.32  2012 1 soybean 0.296 0.300 0.88  2012 1 soybean 8.49 8.30 0.74 
2012 2 soybean 0.285 0.246 0.05  2012 2 soybean 0.322 0.314 0.77  2012 2 soybean 9.10 8.40 0.27 
2012 3 soybean 0.203 0.200 0.83  2012 3 soybean 0.215 0.269 0.11  2012 3 soybean 6.27 7.02 0.24 
2013 1 soybean 0.290 0.288 0.90  2013 1 soybean 0.305 0.264 0.01  2013 1 soybean 8.93 8.27 0.15 
2013 2 soybean 0.314 0.319 0.80  2013 2 soybean 0.328 0.289 0.02  2013 2 soybean 9.63 9.12 0.26 
2013 3 soybean 0.238 0.221 0.40  2013 3 soybean 0.266 0.212 0.003  2013 3 soybean 7.55 6.52 0.03 
2014 1 soybean 0.285 0.257 0.25  2014 1 soybean 0.329 0.269 0.07  2014 1 soybean 9.22 7.92 0.10 
2014 2 soybean 0.308 0.264 0.13  2014 2 soybean 0.375 0.301 0.04  2014 2 soybean 10.27 8.48 0.04 
2014 3 soybean 0.261 0.232 0.24  2014 3 soybean 0.344 0.262 0.03  2014 3 soybean 9.08 7.41 0.05 
2015 1 soybean 0.317 0.276 0.30  2015 1 soybean 0.307 0.259 0.07  2015 1 soybean 9.34 8.01 0.20 
2015 2 soybean 0.355 0.318 0.35  2015 2 soybean 0.343 0.284 0.04  2015 2 soybean 10.50 9.02 0.17 
2015 3 soybean 0.274 0.267 0.86  2015 3 soybean 0.298 0.245 0.05  2015 3 soybean 8.54 8.04 0.59 
2011-2015 1 soybean 0.289 0.268 0.31  2011-2015 1 soybean 0.306 0.274 0.08  2011-2015 1 soybean 8.92 8.13 0.15 
2011-2015 2 soybean 0.316 0.293 0.26  2011-2015 2 soybean 0.343 0.305 0.05  2011-2015 2 soybean 9.85 8.96 0.11 
2011-2015 3 soybean 0.241 0.233 0.70  2011-2015 3 soybean 0.275 0.250 0.19  2011-2015 3 soybean 7.73 7.26 0.39 
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Table II-10. ISUAG Period mean daily maximum soil moisture content with no-till (NT) and no-till rye (NTr) at ISUAG at 10 cm (left), 20 cm (center), and soil 
water (cm) in top 30 cm (right) 
Period mean daily average soil moisture content (m3 m-3) at 10 
cm at ISUAG 
 Period mean daily average soil moisture content (m
3 m-3) at 20 
cm at ISUAG 
 Period mean daily average soil water (cm) in top 30 cm at 
ISUAG 
Year Period crop NT NTr p-value 
 
Year Period crop NT NTr p-value 
 
Year Period crop NT NTr p-value 
2011 2 corn 0.323 0.367 0.10 
 
2011 2 corn 0.357 0.378 0.45 
 
2011 2 corn 10.21 11.18 0.13 
2011 3 corn 0.257 0.245 0.63 
 
2011 3 corn 0.273 0.306 0.26 
 
2011 3 corn 7.85 8.29 0.48 
2012 1 corn 0.261 0.275 0.50 
 
2012 1 corn 0.285 0.284 0.98 
 
2012 1 corn 8.22 8.38 0.79 
2012 2 corn 0.255 0.271 0.43 
 
2012 2 corn 0.272 0.277 0.84 
 
2012 2 corn 7.91 8.22 0.60 
2013 1 corn 0.236 0.305 0.13 
 
2013 1 corn 0.275 0.329 0.20 
 
2013 1 corn 7.69 9.52 0.15 
2013 2 corn 0.255 0.324 0.13 
 
2013 2 corn 0.300 0.372 0.82 
 
2013 2 corn 8.31 10.44 0.10 
2013 3 corn 0.191 0.231 0.33 
 
2013 3 corn 0.236 0.282 0.25 
 
2013 3 corn 6.41 7.70 0.27 
2014 1 corn 0.242 0.247 0.88 
 
2014 1 corn 0.270 0.260 0.85 
 
2014 1 corn 7.69 7.67 0.98 
2014 2 corn 0.280 0.313 0.35 
 
2014 2 corn 0.305 0.323 0.77 
 
2014 2 corn 8.78 9.35 0.63 
2014 3 corn 0.250 0.257 0.84 
 
2014 3 corn 0.276 0.314 0.49 
 
2014 3 corn 7.88 8.20 0.77 
2015 1 corn 0.227 0.255 0.53 
 
2015 1 corn 0.202 0.312 0.07 
 
2015 1 corn 6.42 8.74 0.05 
2015 2 corn 0.253 0.309 0.22 
 
2015 2 corn 0.231 0.391 0.02 
 
2015 2 corn 7.15 10.54 0.004 
2015 3 corn 0.240 0.287 0.28 
 
2015 3 corn 0.217 0.374 0.02 
 
2015 3 corn 6.50 9.92 0.01 
2011-2015 1 corn 0.242 0.273 0.15 
 
2011-2015 1 corn 0.256 0.304 0.07 
 
2011-2015 1 corn 7.44 8.71 0.05 
2011-2015 2 corn 0.270 0.312 0.06 
 
2011-2015 2 corn 0.292 0.334 0.11 
 
2011-2015 2 corn 8.43 9.62 0.07 
2011-2015 3 corn 0.234 0.253 0.37 
 
2011-2015 3 corn 0.261 0.310 0.06 
 
2011-2015 3 corn 7.31 8.20 0.17 
2011 2 soybean 0.320 0.334 0.56 
 
2011 2 soybean 0.327 0.314 0.63 
 
2011 2 soybean 9.70 9.71 0.98 
2011 3 soybean 0.277 0.279 0.95 
 
2011 3 soybean 0.290 0.270 0.47 
 
2011 3 soybean 8.51 8.23 0.64 
2012 1 soybean 0.225 0.274 0.03 
 
2012 1 soybean 0.282 0.324 0.12 
 
2012 1 soybean 7.60 8.98 0.06 
2012 2 soybean 0.220 0.294 0.004 
 
2012 2 soybean 0.283 0.352 0.03 
 
2012 2 soybean 7.55 9.69 0.01 
2013 1 soybean 0.282 0.287 0.90 
 
2013 1 soybean 0.303 0.311 0.82 
 
2013 1 soybean 8.77 9.22 0.68 
2013 2 soybean 0.296 0.315 0.63 
 
2013 2 soybean 0.313 0.324 0.76 
 
2013 2 soybean 9.13 9.58 0.68 
2013 3 soybean 0.203 0.223 0.61 
 
2013 3 soybean 0.238 0.250 0.75 
 
2013 3 soybean 6.63 7.10 0.67 
2014 1 soybean 0.217 0.255 0.29 
 
2014 1 soybean 0.251 0.311 0.35 
 
2014 1 soybean 7.03 8.23 0.35 
2014 2 soybean 0.269 0.318 0.20 
 
2014 2 soybean 0.284 0.363 0.26 
 
2014 2 soybean 8.06 9.92 0.19 
2014 3 soybean 0.212 0.274 0.11 
 
2014 3 soybean 0.263 0.326 0.28 
 
2014 3 soybean 7.02 8.68 0.17 
2015 1 soybean 0.249 0.258 0.85 
 
2015 1 soybean 0.276 0.289 0.81 
 
2015 1 soybean 7.96 8.03 0.95 
2015 2 soybean 0.289 0.278 0.82 
 
2015 2 soybean 0.301 0.318 0.73 
 
2015 2 soybean 8.79 8.97 0.85 
2015 3 soybean 0.264 0.274 0.84 
 
2015 3 soybean 0.287 0.340 0.30 
 
2015 3 soybean 8.11 9.21 0.29 
2011-2015 1 soybean 0.247 0.274 0.21 
 
2011-2015 1 soybean 0.281 0.309 0.27 
 
2011-2015 1 soybean 7.92 8.84 0.15 
2011-2015 2 soybean 0.271 0.308 0.10 
 
2011-2015 2 soybean 0.300 0.332 0.20 
 
2011-2015 2 soybean 8.50 9.52 0.12 
2011-2015 3 soybean 0.226 0.263 0.09 
 
2011-2015 3 soybean 0.265 0.302 0.15 
 
2011-2015 3 soybean 7.26 8.26 0.12 
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Table II-11. ADW period mean daily maximum soil temperature with no-till (NT) and no-till rye (NTr) at ADW at 10 cm (left), 20 cm (center), and in top 30 cm  
(right) 
Period mean daily maximum soil temperature (°C) at 10 cm at 
ADW 
 
Period mean daily maximum soil temperature (°C) at 20 cm at 
ADW 
 
Period mean daily maximum soil temperature (°C) in the top 30 
cm at ADW 
year period crop NT NTr p-value   year period crop NT NTr p-value   year period crop NT NTr p-value  
2011 2 corn 22.9 23.7 0.48  2011 2 corn 20.8 21.4 0.44  2011 2 corn 21.9 22.5 0.50 
2011 3 corn 25.1 24.7 0.65  2011 3 corn 23.7 23.8 0.94  2011 3 corn 24.4 24.5 0.90 
2012 1 corn 15.1 15.4 0.68  2012 1 corn 13.0 13.7 0.05  2012 1 corn 14.1 14.6 0.18 
2012 2 corn 24.0 24.7 0.24  2012 2 corn 21.7 22.8 0.002  2012 2 corn 22.9 23.8 0.03 
2012 3 corn 25.5 25.1 0.48  2012 3 corn 23.7 24.0 0.43  2012 3 corn 24.6 24.5 0.87 
2013 1 corn 9.1 9.3 0.81  2013 1 corn 7.7 7.5 0.75  2013 1 corn 8.5 8.4 0.92 
2013 2 corn 22.3 22.1 0.85  2013 2 corn 19.6 19.3 0.63  2013 2 corn 20.9 20.5 0.49 
2013 3 corn 25.3 25.4 0.98  2013 3 corn 22.7 23.4 0.31  2013 3 corn 24.0 24.1 0.88 
2014 1 corn 8.9 11.2 0.28  2014 1 corn 7.4 9.0 0.27  2014 1 corn 8.4 10.1 0.29 
2014 2 corn 21.2 22.9 0.41  2014 2 corn 19.0 21.2 0.15  2014 2 corn 20.1 22.5 0.18 
2014 3 corn 24.6 24.7 0.95  2014 3 corn 22.6 24.0 0.34  2014 3 corn 23.6 24.9 0.42 
2015 1 corn 12.5 10.3 0.38  2015 1 corn 9.3 8.8 0.81  2015 1 corn 11.0 9.7 0.62 
2015 2 corn 21.9 20.8 0.62  2015 2 corn 18.9 17.7 0.58  2015 2 corn 20.4 18.5 0.45 
2015 3 corn 25.9 25.7 0.93  2015 3 corn 22.3 23.5 0.60  2015 3 corn 23.4 24.6 0.64 
2011-2015 1 corn 11.7 12.0 0.65  2011-2015 1 corn 9.7 10.0 0.76  2011-2015 1 corn 10.8 11.3 0.52 
2011-2015 2 corn 22.5 22.9 0.61  2011-2015 2 corn 20.0 20.9 0.23  2011-2015 2 corn 21.2 22.1 0.27 
2011-2015 3 corn 25.2 25.1 0.93  2011-2015 3 corn 23.2 23.8 0.44  2011-2015 3 corn 24.1 24.6 0.53 
2011 2 soybean 23.5 24.8 0.20  2011 2 soybean 21.2 22.5 0.11  2011 2 soybean 22.4 23.7 0.21 
2011 3 soybean 27.1 25.8 0.20  2011 3 soybean 24.9 24.5 0.64  2011 3 soybean 26.0 25.0 0.28 
2012 1 soybean 13.2 15.0 0.01  2012 1 soybean 12.2 12.3 0.71  2012 1 soybean 12.7 13.7 0.02 
2012 2 soybean 22.2 25.0 0.001  2012 2 soybean 20.7 21.3 0.13  2012 2 soybean 21.5 23.2 0.001 
2012 3 soybean 25.4 27.5 0.01  2012 3 soybean 24.0 24.2 0.56  2012 3 soybean 24.7 25.9 0.01 
2013 1 soybean 10.9 13.3 0.06  2013 1 soybean 9.9 11.8 0.02  2013 1 soybean 10.5 12.6 <.0001 
2013 2 soybean 21.8 25.3 0.003  2013 2 soybean 20.1 23.0 0.002  2013 2 soybean 20.9 24.2 <.0001 
2013 3 soybean 24.0 26.7 0.04  2013 3 soybean 22.6 24.6 0.02  2013 3 soybean 23.3 25.6 <.0001 
2014 1 soybean 13.6 10.8 0.21  2014 1 soybean 10.8 8.9 0.20  2014 1 soybean 12.4 10.2 0.19 
2014 2 soybean 25.1 22.6 0.27  2014 2 soybean 21.2 19.7 0.33  2014 2 soybean 23.0 21.2 0.28 
2014 3 soybean 26.9 24.3 0.24  2014 3 soybean 23.3 21.9 0.34  2014 3 soybean 25.1 23.1 0.25 
2015 1 soybean 12.1 11.2 0.69  2015 1 soybean 10.4 10.4 0.99  2015 1 soybean 11.3 10.9 0.84 
2015 2 soybean 22.8 23.2 0.89  2015 2 soybean 21.6 21.8 0.92  2015 2 soybean 22.6 22.5 0.96 
2015 3 soybean 25.0 21.5 0.18  2015 3 soybean 23.6 22.6 0.65  2015 3 soybean 24.8 21.0 0.16 
2011-2015 1 soybean 12.3 12.6 0.75  2011-2015 1 soybean 10.9 10.9 0.99  2011-2015 1 soybean 11.7 11.9 0.80 
2011-2015 2 soybean 22.6 24.1 0.07  2011-2015 2 soybean 20.7 21.4 0.37  2011-2015 2 soybean 21.7 22.8 0.18 
2011-2015 3 soybean 25.4 25.6 0.85  2011-2015 3 soybean 23.5 23.5 0.99  2011-2015 3 soybean 24.5 24.5 0.95 
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Table II-12.  ISUAG period mean daily average soil temperature with no-till (NT) and no-till rye (NTr) at ISUAG at 10 cm (left), 20 cm (center), and in top 30 cm   
(right) 
Period mean daily maximum soil temperature (°C) at 10 cm at 
ISUAG 
 
Period mean daily maximum soil temperature (°C) at 20 cm at 
ISUAG 
 
Period mean daily maximum soil temperature (°C) in the top 30 
cm at ISUAG 
year period crop NT NTr p-value  year period crop NT NTr p-value  year period crop NT NTr p-value 
2011 2 corn 24.4 24.2 0.86  2011 2 corn 22.1 21.7 0.69  2011 2 corn 23.2 23.0 0.77 
2011 3 corn 25.1 26.4 0.20  2011 3 corn 23.9 24.2 0.67  2011 3 corn 24.5 25.5 0.27 
2012 1 corn 15.7 16.1 0.85  2012 1 corn 13.5 13.0 0.49  2012 1 corn 14.7 14.6 0.93 
2012 2 corn 23.5 25.4 0.36  2012 2 corn 22.1 22.0 0.87  2012 2 corn 22.8 23.7 0.50 
2013 1 corn 10.0 11.0 0.50  2013 1 corn 9.5 10.0 0.39  2013 1 corn 9.9 10.7 0.42 
2013 2 corn 21.0 22.6 0.31  2013 2 corn 20.0 21.0 0.04  2013 2 corn 20.5 21.8 0.16 
2013 3 corn 25.3 27.0 0.29  2013 3 corn 24.2 25.5 0.00  2013 3 corn 24.8 26.2 0.11 
2014 1 corn 13.2 10.0 0.07  2014 1 corn 11.8 9.4 0.04  2014 1 corn 12.8 10.9 0.15 
2014 2 corn 23.9 23.3 0.69  2014 2 corn 22.0 21.8 0.88  2014 2 corn 23.0 23.5 0.76 
2014 3 corn 23.3 23.5 0.86  2014 3 corn 22.4 22.1 0.78  2014 3 corn 22.8 22.8 1.00 
2015 1 corn 12.0 10.9 0.84  2015 1 corn 11.1 9.8 0.80  2015 1 corn 11.7 10.7 0.86 
2015 2 corn 21.6 23.7 0.64  2015 2 corn 18.9 21.8 0.53  2015 2 corn 19.6 22.8 0.53 
2015 3 corn 23.1 23.5 0.93  2015 3 corn 21.1 22.2 0.83  2015 3 corn 21.7 22.9 0.83 
2011-2015 1 corn 12.3 11.9 0.69  2011-2015 1 corn 11.5 10.7 0.31  2011-2015 1 corn 11.9 11.9 0.99 
2011-2015 2 corn 22.9 24.0 0.30  2011-2015 2 corn 21.2 21.7 0.59  2011-2015 2 corn 22.0 23.1 0.26 
2011-2015 3 corn 24.1 25.0 0.41  2011-2015 3 corn 23.3 23.4 0.84  2011-2015 3 corn 23.7 24.6 0.38 
2011 2 soybean 23.9 24.1 0.89  2011 2 soybean 21.8 22.8 0.28  2011 2 soybean 22.9 23.4 0.53 
2011 3 soybean 26.6 26.8 0.78  2011 3 soybean 24.9 24.6 0.72  2011 3 soybean 25.7 25.7 0.98 
2012 1 soybean 13.9 14.5 0.79  2012 1 soybean 12.7 12.8 0.85  2012 1 soybean 13.3 13.8 0.73 
2012 2 soybean 23.3 24.1 0.72  2012 2 soybean 22.0 22.5 0.45  2012 2 soybean 22.7 23.3 0.64 
2013 1 soybean 12.4 11.0 0.38  2013 1 soybean 10.8 10.5 0.58  2013 1 soybean 11.6 11.8 0.82 
2013 2 soybean 22.6 22.8 0.91  2013 2 soybean 21.0 20.2 0.13  2013 2 soybean 21.7 21.5 0.77 
2013 3 soybean 27.5 29.0 0.32  2013 3 soybean 25.8 25.7 0.81  2013 3 soybean 26.6 27.4 0.35 
2014 1 soybean 10.6 11.1 0.76  2014 1 soybean 9.9 10.4 0.71  2014 1 soybean 10.6 11.6 0.56 
2014 2 soybean 22.0 22.8 0.68  2014 2 soybean 19.1 21.6 0.14  2014 2 soybean 20.1 22.9 0.19 
2014 3 soybean 23.1 23.8 0.67  2014 3 soybean 21.9 22.1 0.79  2014 3 soybean 22.5 23.0 0.72 
2015 1 soybean 12.2 7.9 0.45  2015 1 soybean 11.3 7.0 0.42  2015 1 soybean 11.7 7.5 0.50 
2015 2 soybean 25.0 16.1 0.15  2015 2 soybean 22.5 15.2 0.13  2015 2 soybean 23.9 15.7 0.21 
2015 3 soybean 23.8 21.5 0.68  2015 3 soybean 22.4 20.3 0.64  2015 3 soybean 23.1 20.9 0.71 
2011-2015 1 soybean 12.4 12.1 0.74  2011-2015 1 soybean 11.2 11.5 0.69  2011-2015 1 soybean 12.0 12.5 0.56 
2011-2015 2 soybean 23.1 22.3 0.41  2011-2015 2 soybean 21.7 20.8 0.25  2011-2015 2 soybean 22.4 21.7 0.44 
2011-2015 3 soybean 25.2 25.2 0.95  2011-2015 3 soybean 23.6 23.3 0.71  2011-2015 3 soybean 24.5 24.6 0.97 
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Figures 
 
Figure II-1. ADW soybean 10-cm daily average soil moisture content in period 1 of 2013 
 
 
 
 
Figure II-2. ADW corn 10-cm daily average soil moisture content in period 1 of 2013 
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Figure II-3. ADW soybean 20-cm daily average soil moisture content in period 1 of 2013 
 
 
 
 
Figure II-4. ADW corn 20-cm daily average soil moisture content in period 1 of 2013 
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Figure II-5. ADW soybean 10-cm daily average soil moisture content in period 2 of 2013 
 
 
 
 
Figure II-6. ADW soybean 10-cm daily average soil moisture content in period 3 of 2013 
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Figure II-7. ADW soybean daily average soil temperature in the top 30 cm in period 1 of 
2014 
 
 
 
 
Figure II-8. ADW soybean daily maximum soil temperature in the top 30 cm in period 2 of 
2014 
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Figure II-9. ADW soybean daily average soil temperature in the top 30 cm in period 3 of 
2014 
 
 
 
 
Figure II-10. ADW soybean daily average soil temperature in the top 30 cm in period 1 of 
2012 
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Figure II-11. ADW corn daily average soil temperature in the top 30 cm in period 1 of 2012 
 
 
 
 
Figure II-12. ADW corn 20-cm daily average soil moisture content in period 1 of 2015 
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Figure II-13. ADW corn 20-cm daily average soil moisture content in period 2 of 2015 
 
 
 
 
 
Figure II-14. ADW soybean 20-cm daily average soil moisture content in period 1 of 2013 
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Figure II-15. ADW soybean 20-cm daily average soil moisture content in period 2 of 2013 
 
 
 
 
Figure II-16. ISUAG corn soil water in the top 30 cm in period 1 of 2015 
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Figure II-17. ISUAG corn soil water in the top 30 cm in period 2 of 2015 
 
 
 
 
Figure II-18. ISUAG corn soil water in the top 30 cm in period 3 of 2015 
  
46 
 
 
Figure II-19. ISUAG soybean soil water in the top 30 cm in period 1 of 2012 
 
 
 
 
Figure II-20. ISUAG soybean soil water in the top 30 cm in period 2 of 2012 
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Figure II-21. ISUAG corn 10-cm daily average soil moisture content in period 1 of 2012 
 
 
 
 
Figure II-22. ISUAG corn 10-cm daily average soil moisture content in period 1 of 2015 
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CHAPTER III. IMPACT OF A WINTER CEREAL RYE COVER CROP AND 
TILLAGE ON NITRATE-N LOSS FROM SUBSURFACE DRAINAGE  
Abstract 
Adverse environmental impacts associated with N transport impact both local water 
bodies and downstream in the Hypoxic Zone forming in the Gulf of Mexico. This chapter 
presented the impacts of two conservation practices on seasonal and annual nitrate-N loss from 
agricultural subsurface drainage. The three comparisons made are: chisel plow without rye 
(CT) vs. no-till without rye (NT), no-till without rye (NT) vs. no-till with rye (NTr), and chisel 
plow without rye (CT) vs. chisel plow with rye (CTr). Each comparison is made within the 
corn (-C) or soybean (-S) phase.  NT had consistently and significantly lower seasonal and 
annual nitrate-N concentration and nitrate-N loading compared to CT. The annual 5-year 
average nitrate-N concentration (mg L-1) was 12.1 with NT-S, 15.8 with CT-S, 10.9 with NT-
C, and 16.2 with CT-C. The annual 5-year average nitrate-N loading (kg ha-1) was 29.1 with 
NT-S, 43.2 with CT-S, 30.0 with NT-C, and 42.0 with CT-C. This study was in north-central 
Iowa and rye biomass was relatively low compared to other Midwestern studies (140 kg ha-1 
before corn and 600 kg ha-1 before soybean). Rye with NT did not significantly or appreciably 
decrease nitrate-N concentration or loading. This could be due to the combination of already 
low nitrate leaching from NT and low rye biomass. Rye under chisel plow, however, did 
significantly decrease seasonal and annual nitrate-N concentration in leachate and nitrate-N 
loading compared to CT. Annual 5-year average nitrate concentration (mg L-1) was 11.8 under 
CTr-S and 11.4 under CTr-C. The annual 5-year average nitrate loading (kg ha-1) was 28.7 
under CTr-S and 26.7 under CTr-C. Overall, both cover crops and no-till showed potential for 
decreasing nitrate leaching from corn and soybean artificially drained systems.   
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Introduction 
A suite of conservation practices will be necessary to reduce P and N losses to address 
the adverse environmental impacts associated with intense agricultural production (Iowa State 
University Science Team, 2013). Artificial subsurface drainage improves crop production in 
the northern U.S. corn belt, but it can act as a conduit to surface water for soluble N in corn-
soybean systems (Skaggs et al., 1994). The northern corn belt is disproportionately 
contributing to nitrate-N loads in the Gulf of Mexico (EPA Science Advisory Board, 2007) 
and thus conservation practices that mitigate nitrate-N leaching need to be further investigated. 
No-till is generally considered to be neutral for managing N losses because, although 
it alters the N and hydrologic cycles, its impact on nitrate-N loss depends on timing and amount 
of precipitation along with complex microbial processes (Dinnes et al., 2002; Doran, 1980; 
Randall and Iragavarapu, 1995). Several studies have found that conservation tillage has little 
or no impact on nitrate-N concentration in subsurface drainage (Bakhsh and Kanwar, 2011; 
Fox et al., 2001; Logan et al., 1994). However, a few studies with artificial drainage monitoring 
showed that no-till can reduce nitrate-N concentration in leachate (Angle et al., 1993; Bakhsh 
and Kanwar, 2011; Gupta et al., 2004; Tan et al., 1998). These studies associated nitrate-N 
concentration reductions with dilution, because they often occurred with an increase in 
drainage volume compared to conventional systems, up to 92%. This increase in drainage 
volume, despite resulting in lower nitrate-N concentration, can increase overall nitrate-N 
loading. Along with dilution, another explanation for reductions in nitrate-N concentration 
with no-till is the effect of tillage on mineralization and nitrification. Chisel plowing could 
promote early mineralization and nitrification because of more aerobic conditions to support 
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microbial growth, which could lead to a greater discrepancy between available N and plant N 
uptake (Dick, 1983; Doran, 1980; Mikha and Rice, 2004).  
Several Midwestern studies have found the potential for a cover crop to be successful 
in reducing annual nitrate-N load and annual nitrate-N concentration in artificial subsurface 
drainage systems (Kaspar et al., 2007; Kaspar et al., 2012; Strock et al., 2004). Nitrate-N loads 
in mass per area are useful to study the N balance for evaluation of farmer inputs and loading 
to surface water bodies (Gentry et al., 2009). Flow weighted nitrate-N concentration is 
adequate for diagnosing the contamination level of a body of water (Bjorneberg et al., 1996; 
Jaynes et al., 1999). A corn (Zea mays L.) and soybean [Glycine max (L.) Merr.] rotation is 
more common in the Midwestern corn belt and thus more studies about nitrate loss are needed 
within this rotation. More information is also needed on seasonal nitrate losses to better 
understand nitrate loss patterns throughout the year under soils that are frozen every winter 
and through early spring.  
The success of no-till and cover crops as conservation practices to reduce nitrate-N 
concentration in leachate are likely to be climate and site specific and their impacts need further 
investigation in north-central Iowa. Tillage impacts the timing and rate of mineralization, 
which has a large influence on inorganic N availability for leaching (Finney et al., 2015; 
Randall and Goss, 2008). Mineralization is a function of management, soil type, organic 
matter, soil temperature and soil moisture (Dick, 1983; Doran, 1980; Randall and Iragavarapu, 
1995). There is also a need for more information on the efficiency and optimization of a cover 
crop in the climate and soils of north-central Iowa. The Major Land Resource Area (MLRA) 
in north-central Iowa has 9% of its corn-soybean acres under no-till, which is the lowest 
percentage of all MLRAs in Iowa (Iowa State University Science Team, 2013). It is essential 
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that the potential for cover crops be investigated with chisel plow and no-till, as no-till without 
rye may not be economically feasible in north-central Iowa. The objective of this study was to 
quantify the impact of a rye cover crop and no-till on seasonal and annual nitrate-N 
concentration in tile leachate and nitrate-N loading in tile flow. This chapter evaluated seasonal 
nitrate-N concentration and loading through tile drainage under a corn-soybean rotation in four 
treatments, no-till with and without a winter cereal rye cover crop, and chisel plow with and 
without a winter cereal rye cover crop.  
Methodology 
Site description and treatments 
This study was conducted from 2011 to 2015 in Pocahontas County near Gilmore City, 
Iowa at the Agricultural Drainage Water Quality Research and Demonstration Site (ADW, 
42°74′77″ N, 94°49′52″ W). Drainage monitoring began in 1989 and since then all plots have 
been in either continuous corn or in a corn-soybean rotation. Soils are clay loams (Nicollet, 
Webster, Canisteo) with 3 to 5% organic matter. The research area is 3.8 hectares and contains 
seventy-eight experimental plots total. The average slope is 0.5% to 1.0%. Each 0.05-hectare 
plot has a center drainage line 1.06 meters deep. The drainage lines are approximately 7.6 
meters apart. This center drainage line connects to a flow meter where a small percentage is 
retained in a reservoir for grab sampling. Lawlor et al. (2008) describe the pump and sample 
system in more detail. Weather data were recorded and monitored using an automated 
meteorological data logger. The study’s rainfall and precipitation patterns were compared to 
long-term patterns as recorded by the National Climate Data Center station of Pocahontas, 
which is located 19 km west of ADW.  
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This study began in the fall of 2010, or the crop year of 2011. No-till and cover crops 
started in 2009, and 2010 was considered a transition year. Before 2009, all plots were 
conventionally tilled. The eight treatments (Table III-1) are: chisel plow without winter cereal 
rye before corn (CT-C) and before soybean (CT-S), chisel plow with winter cereal rye (CTr) 
before corn (CTr-C) and before soybean (CTr-S), no tillage without winter cereal rye before 
corn (NT-C), and before soybean (NT-S), and no tillage with winter cereal rye before corn 
(NTr-C), and before soybean (NTr-S). Each plot was in a corn-soybean rotation. This 
experiment was a randomized block design. The experimental plots were grouped into four 
blocks based on long-term drainage intensity: high, medium-high, medium-low, and low, as 
recorded from 1989-2004. One plot in each drainage block was randomly assigned a treatment 
(8 treatments x 4 blocks = 32 plots).  
All field operations are listed in Table III-2. Winter cereal rye (secale cereal L.) was 
drill-seeded at a rate of 100 kg ha-1 shortly following harvest each fall from 2010-2014, and 
then hand-seeded in the fall of 2015. It was killed using glyphosate [(N-phosphonomethyl) 
glycine] in the spring, no less than 2 weeks prior to planting of corn. CTr plots were disked in 
the fall prior to rye planting and left intact in the spring. CT plots were chisel plowed in the 
fall and then field cultivated in the spring prior to planting. Each corn plot had a uniform 
fertilizer rate of aqueous ammonia-N of 168 kg N ha-1. 
Data collection and analysis 
Weather data were recorded hourly by an on-site weather station. Rye biomass was 
collected annually in the spring prior to killing rye. It was collected using a 0.5 m by 0.5 m 
quadrat randomly thrown in 3 places in a given plot and then multiplied to account for the total 
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area of 500 m2. The shoots were cut at ground level. The biomass was then immediately dried 
at 60 degrees Celsius for at least 48 hours to measure dry biomass.  
Water quantity was measured via flow meters as explained in (Lawlor et al., 2008). It 
was recorded and monitored weekly, along with the collection of water samples nitrate-N 
concentration for measurement in the Wetland Research Laboratory, Iowa State University, 
using the second-derivative spectroscopy technique described in Crumpton et al. (1992). 
Seasons were defined using meteorology definitions. Winter is December 1st to 
February 28th (29th).  Spring is March 1st to May 31st.  Summer is June 1st to August 31st. Fall 
is September 1st to November 30th. Nitrate-N load (kg ha-1) was calculated for each event by 
multiplying the event concentration by the event’s volume of water and dividing by the area 
drained. Seasonal nitrate-N loads (kg ha-1) were calculated by summing all nitrate-N loads 
within a season. Seasonal flow weighted nitrate-N concentration (FWNC) (mg L-1) was 
calculated by dividing seasonal flow volume by seasonal nitrate-N load. The generalized linear 
model (GLM) in SAS was used to compare the seasonal nitrate-N loss, seasonal nitrate-N 
FWNC, yield, and grain N uptake from the 4 treatments in a soybean phase and the 4 treatments 
in a corn phase (SAS, 2012). This model was used to analyze annual nitrate-N load and annual 
nitrate-N FWNC across all 8 treatments.  
Results and Discussion 
Weather 
Each year in this study had a unique distribution of precipitation. In 2011, there were 
normal temperatures, relatively normal precipitation for the first half of the year, followed by 
little precipitation in July. In the year 2012, temperatures were hot and there was very little 
precipitation. The year 2013 had an extremely wet spring, but was extremely dry the rest of 
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the year, but temperatures were relatively normal. In 2014, there were the lowest temperatures 
throughout the study, and extremely high precipitation in June and August. The wettest year 
was 2015, particularly November and August. Fall and December of 2015 were very warm 
compared to normal (Table III-3). 
Subsurface drainage 
Seasonal and annual subsurface drainage were not significantly impacted by cover 
crops or no-till (Table III-4). Though not significant, over the 5-year period, CTr-C reduced 
subsurface drainage by 10% compared to CT-C, and CTr-S reduced drainage by 5% compared 
to CT-S. Lack of statistical significance was not surprising, as there is considerable variability 
in drainage volume temporally and spatially. Rye in NT reduced the 5-year subsurface drainage 
by 5% in corn plots. However, rye in NT corn and soybean plots occasionally increased the 
annual drainage, between 3 and 48%.  From artificial drainage studies in Iowa and 
Southwestern Minnesota, Kaspar et al. (2007) and Strock et al. (2004) found a 9% and 11% 
reduction, respectively, in drainage volume in plots with a cover crop in a corn-soybean 
rotation.  In lysimeter studies, Qi et al. (2011) observed significant reductions in cover crop 
plots, and McCracken et al. (1994) found that rye reduced volume of water leached each spring. 
They attribute this to increased transpiration from the cover crop growth. Another cover crop 
study reported an increase in subsurface drainage with a rye cover crop (Drury et al., 2014). 
No-till did not consistently affect drainage volume. The drainage volumes from each 
treatment are listed in Table III-4. In 2 studies near Nashua, Iowa, Bakhsh and Kanwar (2011) 
measured between a 35% and 92% higher tile flow under no-till compared to conventional-
tillage. In a paired watershed study in Canada, no-till increased drainage volume by 68% (Tan 
et al., 1998). Fox et al. (2001) and Gupta et al. (2004) measured increased percolation in NT 
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plots. In drainage studies, Logan et al. (1994) and Randall and Iragavarapu (1995) reported a 
slight increase drainage volume in NT plots. These studies explain increased percolation and 
drainage with no-till by reduced evaporation, and increased infiltration, via undisturbed root 
and earthworm channels (Ehlers, 1975; Tan et al., 1998; Triplett et al., 1968). Because this 
study presents drainage patterns in the 2nd through 6th year following NT implementation, a 
longer-term NT study at this site would be useful to assess whether drainage impacts drainage 
patterns emerge with NT.  
Most drainage in central Iowa occurs from April to June with an average of 76% during 
this period from a 22-year drainage pattern study (Goeken et al., 2015) . This was true from 
2011 to 2013, but 2014 had only 57% of yearly drainage by June, and drainage occurred into 
November, and 2015 had only 53% by June and considerable drainage into late December. 
Strock et al. (2004) observed drainage from mid to late March and into late July or early August 
each year in southern Minnesota from 1999 to 2001. The potential new trend of fall drainage 
may provide greater opportunity for a rye cover crop to reduce nitrate-N loss, as nitrate-N loss 
coincides with drainage patterns (Dinnes et al., 2002; Helmers et al., 2012; Randall and Mulla, 
2001). A rye cover crop can be planted in early fall (as early as August if aerially seeded) 
(Wilson et al., 2013).  
Rye biomass 
The aboveground rye biomass dry matter in this study averaged 140 kg ha-1 before corn 
and 610 kg ha-1 before soybean (Table III-5 and Table III-6). The rye biomass was higher in 
soybean every year compared to corn, due to longer growth time in the spring (an average of 
25 days later termination of rye going to soybean). Studies near Ames, Iowa, with slightly 
warmer temperatures, had an average of 1,000 kg ha-1 before soybean and an average of 1,900 
56 
 
kg ha-1 before corn (Kaspar et al., 2007; Kaspar et al., 2012). Strock et al. (2004) planted rye 
biomass after corn and had an average biomass of 1,400 kg ha-1. Pantoja et al. (2016) compiled 
results from 4 sites across Iowa over 2 crop years and stated that low biomass correlated with 
cooler climates, shorter springs, and low post harvest soil nitrate-N. The crop year 2015 had 
the highest rye biomass in plots going to soybean (Table III-5). This high biomass correlated 
to a warm and wet spring in 2015. The crop year of 2011 had the greatest rye biomass going 
to corn (Table III-6). This high biomass was likely due to a warm October in 2010 for rye to 
germinate, and the later termination date of spring 2011 compared to springs in 2012 through 
2015. In 2014, there was such little rye biomass because of temperature that its mass is assumed 
to be negligible prior to termination and corn planting.  
Yield 
Treatments significantly influenced corn grain yield. Average CT-C yield was 
significantly higher than CTr-C, NTr-C, and NT-C (Table III-6). Grain yield and grain N 
uptake in NT-C were lower than CT-C every year, NT-C yield was significantly lower in the 
last three years (the three wettest years), and NT-C grain N uptake was significantly lower in 
the last 2 years. Average CT-C yield was 9820 kg ha-1, and average NT-C yield was 8470 kg 
ha-1 (p<0.05). Average CT-C grain N uptake was 94 kg N ha-1 and average NT-C grain N 
uptake was 81 kg N ha-1. NT-S had lower N uptake than CT-S every year, although not 
significant (Table III-5). All soybean plots had the lowest yield in 2012 during the drought. In 
a meta-study of crop yields with no-till, Pittelkow et al. (2015) found that no-till performed 
best in dry climates. Studies in the Midwest reported a decrease in corn yield with NT (Bakhsh 
and Kanwar, 2011; Randall and Iragavarapu, 1995), and Logan et al. (1994) reported no 
difference. Al-Kaisi et al. (2005) found that NT reduced the 7-year average corn yield in poorly 
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drained soils in Iowa, but did not impact soybean yield. A 5-year study with fields that had 
been under NT long-term (>40 years) in a poorly drained soil in Ohio found that NT corn yields 
were unaffected or slightly higher than plowed tillage (Kumar et al., 2012). NT-S plots were 
not significantly lower than CT-S plots, implying that NT implementation prior to soybean is 
more feasible than NT prior to corn.  
Rye had no significant effect on soybean yield or grain N uptake with NT or CT (Table 
III-5). CTr had significantly lower corn yield compared to CT when averaged over all 5 years. 
NTr corn yields were not significantly different than NT.  Coelho et al. (2005) and Drury et al. 
(2014) (both in Canada) measured an increase in yield in cover crop plots. They observed an 
increase in N-use efficiency by a corn crop after rye. Strock et al. (2004) only seeded cover 
crops after corn but did not see a yield decrease in soybean. Kaspar et al. (2007) reported either 
a decrease in corn and soybean yield or no difference. Qi et al. (2011) did not see a negative 
effect from rye on corn or soybean yield and N uptake. Staver and Brinsfield (1998) observed 
that rye increased yield in a dry year which they attribute to rye residue conserving moisture. 
The authors observed that rye decreased yield during favorable growing conditions, which they 
attribute to lower N availability in cover crop treatments. This trend was not found at ADW in 
this study.  
Seasonal nitrate-N concentration 
Impact of tillage 
When averaged over all 5 summers, CT had significantly greater nitrate-N 
concentration in subsurface drainage than NT in both corn and soybean fields. On average, in 
the summer, there was a 26% reduction with NT-S, 17.6 mg L-1 compared to 13.0 mg L-1 
(p<0.05) (Table III-7). Concentration was also significantly greater in CT-S plots compared to 
58 
 
NT-S for fall (n=3 years) and winter (n=1 year). In the fall and winter, the average nitrate-N 
concentration was below 10 mg L-1 (the USEPA drinking water standard) for NT-S. On 
average, there was a 29% reduction with NT-C (p<0.05) in the spring, 17.4 mg L-1 compared 
to 12.3 mg L-1. In the summer, there was a 32% reduction with NT-C, 16 mg L-1 compared to 
10.9 mg L-1 (p<0.05). In the fall, there was a 34% reduction with NT-C, 13.1 mg L-1 compared 
to 8.6 mg L-1  (p<0.05). This reduction in nitrate-N concentration with NT is likely not due to 
dilution. There were 13 seasons with drainage present in every treatment (Table III-4). Of those 
13 seasons, NT had a higher volume of drainage 3 times in soybean, and 7 times in corn. Of 
the 10 instances where NT plots had a greater amount of drainage than CT plots, only one of 
the seasons (Spring 2011) overlapped with a significant reduction in nitrate-N concentration. 
This suggests that these consistent and significant reductions in nitrate concentrations were not 
due to an increase in drainage amount. Additionally, this reduction cannot be explained by an 
increase in N uptake/export by grain. Over 5 years, both grain yield and grain N uptake were 
9% lower in NT-S compared to CT-S (Table III-5), and 14% lower in NT-C compared to CT-
C (Table III-6).  
Impact of rye 
Winter cereal rye decreased seasonal nitrate-N concentration in subsurface drainage in 
chisel plow corn and soybean plots (Table III-7 and Table III-8). On average, there was a 27% 
reduction with CTr-S (p<0.05) in the summer, 17.6 mg L-1 compared to 12.9 mg L-1. There 
was a 36% reduction with CTr-S on average in the fall, 14.7 mg L-1 compared to 9.4 mg L-1 
(p<0.05), and a 33% reduction with CTr-S in the winter of 2015, 14.4 mg L-1 compared to 9.6 
mg L-1 (p<0.05). These plots had rye (planted for the 2016 crop) growing in the fall and winter 
of 2015. In the spring, CTr-S reduced nitrate-N concentration by 11% but this was not 
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significant. In the fall and winter, the average nitrate-N concentration was below 10 mg L-1 
(the drinking water standard) for CTr-S fields. In the spring and summer, none of the CT-S 
plots with or without rye averaged below 10 mg L-1. In the spring and summer, CTr-C had 
significantly lower nitrate-N concentration in drainage than CT-C (Table III-8). There was a 
29% reduction in CTr-C in the spring (17.4 mg L-1 compared to 12.4 mg L-1; p<0.05) and a 
22% reduction in the summer (16 mg L-1 compared to 12.5 mg L-1; p<0.05). It should also be 
noted that CT and CTr did not have identical tillage. CTr was disked before rye planting and 
therefore earlier than CT. Furthermore, CT was field cultivated in the spring and CTr was left 
intact. Both of these could impact mineralization and nitrate leaching, thus differences cannot 
be completely attributed to the presence of rye. Impact of rye on nitrate-N concentration, in 
percent reduction, was not as great as other studies in the Midwest studies  (Kaspar et al., 2007; 
Kaspar et al., 2012; Qi et al., 2011; Strock et al., 2004). However, rye biomass was much lower 
during this study.  Reductions in nitrate concentration through cover cropping depend on post-
harvest soil nitrate concentrations, cover crop N accumulation, cover crop planting and 
termination dates, and timing and amount of precipitation (Komatsuzaki and Wagger, 2015; 
Randall and Goss, 2008; Staver and Brinsfield, 1998). Plots under NT were not significantly 
impacted by rye, despite having comparable biomass to CT (Table III-5 and Table III-6). NT 
plots were unpredictably low.  
Seasonal nitrate-N load 
Seasonal nitrate-N load was significantly impacted by treatment less often than nitrate- 
N concentration because of high variability in drainage amounts. Average loading rates were 
as follows: Summer > Spring > Fall and Winter regardless of treatment or crop (Table III-7 
and Table III-8). CT-S had, on average, 10 kg ha-1 more nitrate-N loss per summer than NT-S 
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(p<0.05). CT-C had, on average, 7 kg ha-1 more nitrate-N loss per summer than NT-C (p<0.05). 
Rye significantly decreased average spring nitrate-N loading by 6 kg ha-1 from CT-C (p<0.05) 
and 4 kg ha-1 from CT-S (p<0.05). Rye significantly decreased average summer loading by 7 
kg ha-1 from CT-C (p<0.05) and 9.5 kg ha-1 from CT-S (p<0.05). Rye did not consistently 
decrease loading in NT.  
Annual nitrate-N concentration and nitrate N-load 
Annual nitrate-N concentrations and nitrate-N loads are listed in (Table III-9). For 
every treatment, except for CTr-C, the highest average annual nitrate-N concentration was in 
2013, the year following the drought. For both corn and soybean, CT had the highest average 
annual nitrate-N concentration, and NTr had the lowest. On average, NT-C had 12 kg ha-1 
lower nitrate-N loads each year compared to CT-C (p<0.05), although there was great year-to-
year variability. NT-S decreased nitrate-N loads by an average of 14 kg ha-1 compared to CT-
S. In 2015, which was the wettest year, NT when compared to CT decreased nitrate-N loading 
by 39 kg ha-1 from soybean (p<0.05). Both corn and soybean phase of the rotation had lower 
nitrate-N concentrations with NT in 2015, but the corn phase had higher volume flows with 
NT and thus a slight increase in nitrate-N loading compared to CT (although not significant). 
Cumulative loads and their statistics over the 5-year study are shown in Figure III-1, Figure 
III-2, and Figure III-3. Compared to CT, NT decreased the 5-year cumulative nitrate-N loss by 
75 kg ha-1, and CTr decreased it by 65 kg ha-1.  
Discussion  
In this particular study, no-till consistently and significantly decreased both nitrate-N 
concentration and loading. In a compilation of sources investigating nitrate losses through 
subsurface drainage, Randall and Goss (2008) state that there are two categories of primary 
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factors influencing nitrate content of water draining from agricultural landscapes: controllable 
and uncontrollable. Controllable factors are agricultural management practices such as crop 
rotation, timing and rate of fertilizer applications, drainage tile spacing and depth, and tillage. 
Uncontrollable factors include precipitation and soil organic matter mineralization. They 
further state that mineralization can be manipulated by tillage. In NT and CT, virtually all 
factors (crop rotation, N fertilizer application, drainage coefficient, precipitation) were uniform 
across treatment except for tillage. One possible explanation for reduction in nitrate-N 
concentration is dilution, but that does not seem to apply to this study because no-till did not 
consistently increase drainage volume as it has in other studies.  In a tile drained agricultural 
system, the major N outputs are grain uptake and export through tile drainage (Gentry et al., 
2009; McIsaac and Hu, 2004). As stated earlier, grain N uptake was greater with CT treatment 
indicating that the decrease in N-leaching from NT treatments is not due to increased grain N 
uptake. 
The most plausible explanation for differences in N leached is that tillage altered 
mineralization. This is supported by other literature (Dick, 1983; Dinnes et al., 2002; Doran, 
1980; Mikha and Rice, 2004; Randall and Goss, 2008; Randall and Iragavarapu, 1995). Finney 
et al. (2015) states that mineralization is the “central ecosystem process in ecologically based 
nitrogen management in governing inputs to the soil inorganic nitrogen pool”. They further 
conclude that appropriate timing of tillage is the “most influential tool” to “manage N 
synchrony.” However, mineralization and N loss are a function of many uncontrollable and 
controllable factors, including: crop rotation, timing of precipitation, temperature, quality and 
quantity of organic matter, soil type, N cycling (Dinnes et al., 2002; Finney et al., 2015; Randall 
and Goss, 2008). Although no-till appears to be a promising tool for decreasing nitrate-N loads, 
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it will be difficult to implement in terms of N loading reductions because of its predictability 
on a large-scale. However, for the literature that investigated the impact of tillage on nitrate 
leaching, all studies reported either no impact or a decrease in nitrate-N concentration. These 
results were sometimes correlated with an increase in drainage volume with no-till, and 
therefore were at risk for increasing nitrate-N loading. However, as Logan et al. (1994) states, 
the increase in volume with no-till may be a function of soil type. If the soils in this MLRA do 
not have an increase in drainage volume with no-till, there could be a climate-soil specific 
potential for reductions in nitrate leaching with no-till. This finding must be further 
investigated with a long-term no-till system, as this was within the first 6 years of no-till 
implementation. 
In north-central Iowa, there is potential for a winter cereal rye cover crop to decrease 
nitrate-N loads and concentration. Rye with early fall chisel plow was successful in decreasing 
nitrate-N leaching through subsurface drainage compared to fall chisel plow with spring 
cultivation. Rye did not substantially or consistently decrease nitrate-N leaching with no-till. 
Rye cover crop biomass during this 2011-2015 study was low, and future research should focus 
on tools to promote rye growth in colder regions.  
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Conclusion 
In this study, no-till significantly decreased the 5-year average seasonal nitrate-N 
concentration compared to chisel plow in all four seasons with soybean, and in spring, summer, 
and fall with corn. It also significantly decreased the 5-year average annual nitrate-N 
concentration in both corn and soybean. No-till also frequently decreased nitrate-N loading 
along with concentration because it was not correlated with an increase in drainage as reported 
by other studies. Because no-till had low nitrate-N concentrations, the addition of a cover crop 
did not significantly reduce nitrate-concentration or loading in no-till. The addition of a winter 
cereal rye cover crop in chisel plow significantly decreased the 5-year average seasonal nitrate-
N concentration in the spring and summer with corn, and in the summer, fall, and winter with 
soybean. The addition of rye in chisel plow also decreased the 5-year average seasonal nitrate-
N load in the spring and the summer with both corn and soybean. The decrease of nitrate 
concentration and loading from the implementation of no-till may not continue on a bigger 
scale or in the long-term. This is because mineralization is largely due to soil organic matter, 
soil moisture and temperature regimes, which will change depending on where and for how 
long no-till is implemented. More research needs to be done on the impact of long-term no-till 
in this climate. Because of the scale and time frame of this study, there is a possibility that the 
nitrate losses from no-till were unrepresentatively low. Rye may have more potential to 
decrease nitrate leaching than shown in this study. For example, if no-till nitrate leaching is 
greater in a production-scale drained and harvested plot rather than the well-drained and small-
scale plots at ADW, then the presence of rye might have a different impact on nitrate leaching.  
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Tables 
Table III-1. Treatments for crop-years 2011-2015, all plots were in a corn-soybean rotation 
Treatment Spring cover Crop Fall tillage Spring tillage 
CT-S fallow soybean chisel plow field cultivation 
CTr-S winter cereal rye soybean disk no-till 
NT-S fallow soybean no-till no-till 
NTr-S winter cereal rye soybean no-till no-till 
CT-C fallow corn chisel plow field cultivation 
CTr-C winter cereal rye corn disk no-till 
NT-C fallow corn no-till no-till 
NTr-C winter cereal rye corn no-till no-till 
 
Table III-2. Field operations at ADW site in 2011 to 2015 crop years 
Operation 2011 Crop 2012 Crop 2013 Crop 2014 Crop 2015 Crop 2016 Crop 
Disk CTr prior to seeding rye 10/13/2010 10/12/2011 10/8/2012 10/31/2013 10/16/2014 n/a 
Drill-seed rye in corn residue in 
NTr and CTr (hand-seed in 2015) 
10/13/2010 10/12/2011 10/12/2012 10/31/2013 10/16/2014 9/18/2015 
Drill-seed rye in soybean residue 
in NTr and CTr (hand-seed in 
2015) 
10/13/2010 10/12/2011 10/8/2012 10/31/2013 10/16/2014 9/18/2015 
Chisel plow CT  11/29/2010 11/17/2011 11/13/2012 11/21/2013 11/10/2014 n/a 
Collect rye in plots going to corn 4/28/2011 4/10/2012 4/25/2013 4/17/2014 4/16/2015 n/a 
Terminate rye in plots going to 
corn 
5/2/2011 4/12/2012 4/25/2013 4/17/2014 4/17/2015 n/a 
Field cultivate CT-C 5/9/2011 5/8/2012 5/13/2013 5/7/2014 4/29/2015 n/a 
Plant corn 5/10/2011 5/10/2012 5/14/2013 5/7/2014 4/30/2015 n/a 
Collect rye in plots going to 
soybean 
5/9/2011 5/9/2012 5/22/2013 5/20/2014 5/12/2015 n/a 
Terminate rye in plot going to 
soybean 
5/11/2011 5/9/2012 5/23/2013 5/20/2014 5/15/2015 n/a 
Field cultivate CT-S 5/9/2011 5/8/2012 6/6/2013 5/22/2014 4/29/2015 n/a 
Plant soybean 5/11/2011 5/16/2012 6/6/2013 5/22/2014 5/28/2015 n/a 
Apply aqua ammonia to corn plots 
(168 kg N ha-1) 
6/16/2011 6/19/2012 6/13/2013 6/24/2014 6/26/2015 n/a 
Harvest soybean 10/6/2011 9/25/2012 10/21/2013 10/16/2014 10/12/2015 n/a 
Harvest corn 10/12/2011 10/4/2012 10/29/2013 10/8/2014 10/20/2015 n/a 
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Table III-3. Temperature and weather data compared to normal at ADW 
Month 
Average precipitation (mm) Average air temperature (degrees Celsius) 
2010 2011 2012 2013 2014 2015 Normal* 2010 2011 2012 2013 2014 2015 Normal* 
Jan  0 3 4 0 3 23  -10.7 -4.2 -7.2 -10.4 -6.5 -8.4 
Feb  29 40 7 8 0 20  -6.3 -2.7 -5.3 -11.5 -10.1 -5.7 
Mar  6 47 17 6 18 53  0.1 9.7 -2.8 -1.9 2.9 1.1 
Apr  86 125 198 122 125 85  7.6 10.9 5.4 7.6 10.1 8.8 
May  102 50 186 87 131 104  14.9 18.2 14 15.7 15 15.5 
Jun  185 94 81 302 154 124  21 22.3 20.4 20.9 20.9 21.1 
Jul  73 29 46 36 48 119  24.9 24.9 22.6 20 22.1 22.9 
Aug  22 25 36 154 224 119  21.1 20.8 21.6 21.2 19.7 21.6 
Sep  24 52 11 78 51 73  14.8 16 18.8 16.1 19.4 16.9 
Oct 14 4 39 54 39 33 53 11.2 11 8.3 9.4 9.8 11 9.9 
Nov 3 8 12 35 6 81 45 2 2.9 3.3 0 -1.3 4.1 1.4 
Dec 6 25 14 1 0 46 32 -7.9 -2.8 -3.8 -9.7 -4.1 1.2 -6.4 
Annual  565 529 676 839 913 852        
*From: Climatological data for Iowa, National Climate Data Center for Pocahontas, Iowa 1981-2010 
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Table III-4. Drainage at ADW from 2011-2015 
Year Season 
Drainage (mm) 
CT-S CTr-S NT-S NTr-S CT-C CTr-C NT-C NTr-C Average 
2011 
Spr 95 97 79 76 70 98 78 92 86 
Sum 167 210 157 190 189 146 138 195 174 
Fall 0 0 0 0 0 1 0 0 0 
Win 0 0 0 0 0 0 0 0 0 
Annual 262 307 236 266 258 245 216 287 260 
2012 
Spr 12 18 9 2 15 4 23 9 12 
Sum 32 19 19 14 16 13 29 15 20 
Fall 0 0 0 0 0 0 0 0 0 
Win 0 0 0 0 0 0 0 0 0 
Annual 45 37 27 17 31 17 51 24 31 
2013 
Spr 156 129 190 146 190 147 163 183 163 
Sum 75 67 62 53 76 48 59 71 64 
Fall 0 0 0 0 0 0 0 0 0 
Win 0 0 0 0 0 0 0 0 0 
Annual 231 196 252 199 266 195 222 254 227 
2014 
Spr 2 8 13 4 10 6 8 15 8 
Sum 214 147 151 235 230 226 211 216 204 
Fall 16 20 20 35 29 19 16 13 21 
Win 0 0 0 0 0 0 0 0 0 
Annual 231 176 185 274 269 251 235 244 233 
2015 
Spr 154 110 118 116 144 136 206 158 143 
Sum 174 196 159 159 153 147 232 172 174 
Fall 68 96 66 45 66 59 94 59 69 
Win 86 64 76 62 71 78 92 73 75 
Annual 483 466 419 382 434 420 623 463 461 
2011 - 2015 Total 1251 1182 1119 1137 1257 1128 1347 1271 1212 
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Table III-5. Soybean grain yields, grain N uptake, and rye biomass 
Year 
Yield (kg ha-1) Grain N (kg ha-1) Rye biomass* (kg ha-1) 
CT-S CTr-S NT-S NTr-S CT-S CTr-S NT-S NTr-S CT-S CTr-S NT-S NTr-S 
2011 2860 2814 2476 2482 123 127 112 114 - 414 - 555 
2012 2248 1648 1822 1860 107 81 85 101 - 370 - 324 
2013 2639 2742 2423 2471 129 - 116 119 - 450 - 392 
2014 2358 2216 2154 2054 121 114 111 106 - 708 - 681 
2015 2997 3208 3039 3172 156 163 154 157 - 1241 - 882 
Average 2620 2526 2383 2408 128 121 116 119 - 637 - 567 
There were no means within the same year that were significantly different at the 0.05 probability level. 
*Soybean rye biomass indicates it was collected from plots going to soybean that spring. 
 
 
Table III-6. Corn grain yields, grain N uptake, and rye biomass 
Year 
Yield (kg ha-1) Grain N (kg ha-1) Rye biomass* (kg ha-1) 
CT-C CTr-C NT-C NTr-C CT-C CTr-C NT-C NTr-C CT-C CTr-C NT-C NTr-C 
2011 11291a 9422a 9966a 9635a 107a 89a 91a 97a - 273a - 317a 
2012 9502a 9751a 8790a 8507a 95a 101a 87a 89a - 132b - 162a 
2013 9864a 8265b 8516b 9100ab 90a - 80ab 78b - 126a - 102b 
2014 8077a 8541a 6726b 7832a 75a 78a 64b 71ab - 1a - 1a 
2015 10372a 9271ab 8354b 10230a 104a 92ab 84b 104a - 136a - 125a 
Average 9821a 9050b 8470b 9059b 94a 91a 81b 88ab - 133a - 141a 
Means within the same year that share the same letter are not significantly different at the 0.05 probability level. 
*Corn rye biomass indicates it was collected from plots going to corn that spring. 
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Table III-7. Seasonal nitrate-N concentrations and nitrate-N loads lost through tile drainage in 
the soybean phase 
Year Season 
Nitrate-N concentration (mg L-1) Nitrate-N load (kg ha-1) 
CT-S CTr-S NT-S NTr-S CT-S CTr-S NT-S NTr-S 
2011 
Spring 11a 9.2a 11.1a 8.5a 9a 7.6a 7.7a 5.9a 
Summer 13.7a 8.9b 11.1ab 8.1b 20.8a 16.9a 16.4a 15.3a 
Fall 14.5a - - 7.5a 0a 0a 0a 0a 
Winter - - - - 0a 0a 0a 0a 
2012 
Spring 12.9a 5.9b 8.7ab 8.9ab 8.6a 6.4a 6a 6.8a 
Summer 15.2a 6b 9.7ab 10.9ab 26.3a 10.5b 12.8b 16ab 
Fall - - - - 0a 0a 0a 0a 
Winter - - - - 0a 0a 0a 0a 
2013 
Spring 17.9a 18.4a 16.8a 15.9a 31.9a 21a 30.7a 22.5a 
Summer 22.9a 16.1b 15.3b 13.1b 14.1a 8.7ab 8.5ab 6.2b 
Fall - - - - 0a 0a 0a 0a 
Winter - - - - 0a 0a 0a 0a 
2014 
Spring 13.7a 14.8a 10.6a 12.5a 0.2a 0.9a 1.5a 0.5a 
Summer 18.4a 15b 15.8ab 14.7b 35.2a 19.8a 21.3a 32a 
Fall 13.3a 9.2a 9.3a 10.2a 1.7a 1.7a 1.8a 3.4a 
Winter - - - - 0a 0a 0a 0a 
2015 
Spring 16.5a 14.9ab 11.6b 11.2b 22.4a 14.5b 11.2b 11b 
Summer 19.2a 15.3b 12.1bc 10c 30.3a 23ab 16.8b 14.7b 
Fall 16.2a 9.5b 8.6b 7.4b 10.2a 6.7ab 5.2b 3.1b 
Winter 14.4a 9.6b 9.2b 8.2b 11.6a 5.3ab 6.1ab 4.5b 
Average 
Spring 14.5a 12.9ab 12.0b 11.4b 14.4a 10.1b 11.4ab 9.3b 
Summer 17.6a 12.9b 13.0b 11.4b 25.3a 15.8b 15.2b 16.8b 
Fall 14.7a 9.4b 9.0b 8.4b 2.4a 1.7a 1.4a 1.3a 
Winter 14.4a 9.6b 9.2b 8.2b 2.3a 1.1ab 1.2ab 0.9b 
Means within the same year and season (row) that share the same letter are not significantly different at the 0.05 probability level. 
 
  
72 
 
Table III-8. Seasonal nitrate-N concentration and nitrate-N load lost through tile drainage in 
the corn phase 
Year Season 
Nitrate-N concentration (mg L-1) Nitrate-N load (kg ha-1) 
CT-C CTr-C NT-C NTr-C CT-C CTr-C NT-C NTr-C 
2011 
Spring 14.6a 7.6b 8.7b 7.8b 8.6a 6.4a 6a 6.8a 
Summer 15.8a 9.2b 10.6ab 8.3b 26.3a 10.5b 12.8b 16ab 
Fall - 0.3a 11a 7.1a 0a 0a 0a 0a 
Winter - - - - 0a 0a 0a 0a 
2012 
Spring 14.8a 11.1a 10.4a 9.4a 9a 7.6a 7.7a 5.9a 
Summer 14.4a 11.3a 10.9a 11.4a 20.8a 16.9a 16.4a 15.3a 
Fall - - - - 0a 0a 0a 0a 
Winter - - - - 0a 0a 0a 0a 
2013 
Spring 23.7a 11.5b 15.9ab 16.4ab 38.1a 15.4b 19.6ab 27.6ab 
Summer 18.2a 9.1b 10.4b 11b 12.8a 4b 5.7ab 7.9ab 
Fall - - - - 0a 0a 0a 0a 
Winter - - - - 0a 0a 0a 0a 
2014 
Spring 17.9ab 18.2a 14.3ab 14.1b 1.6a 0.9a 1a 1.9a 
Summer 18.4a 16.3ab 10.7c 13.5bc 38.3a 33.2ab 20.9c 26.5bc 
Fall 13.7a 12.8a 6.6a 8.7a 3.8a 2.1ab 1.1b 1b 
Winter - - - - 0a 0a 0a 0a 
2015 
Spring 15.8a 13.1a 11.3a 11.5a 19.5a 14.1a 20.3a 16.1a 
Summer 13.2ab 16.2a 11.7ab 9.7b 18.8a 16.7a 24.4a 17.5a 
Fall 12.4a 9.7ab 9.4ab 6.6b 7.5a 5.4a 8.1a 4.4a 
Winter 13.4a 11.6ab 11.1ab 8.3b 8.6a 8.7a 9.2a 5.5a 
Average 
Spring 17.4a 12.4b 12.3b 11.8b 15.3a 8.9b 10.9ab 11.6ab 
Summer 16a 12.5b 10.9b 10.8b 23.4a 16.3b 16.0b 16.6b 
Fall 13.1a 10ab 8.6b 7.4b 2.3a 1.5ab 1.8ab 1.1b 
Winter 13.4a 11.6ab 11.1ab 8.3b 1.7a 1.7a 1.8a 1.1a 
Means within the same year and season (row) that share the same letter are not significantly different at the 0.05 probability level. 
 
 
Table III-9. Annual nitrate-N concentration and nitrate-N loads  
Year 
Nitrate-N concentration (mg L-1) Nitrate-N loads (kg ha-1) 
CT-S CTr-S NT-S NTr-S CT-C CTr-C NT-C NTr-C CT-S CTr-S NT-S NTr-S CT-C CTr-C NT-C NTr-C 
2011 12.5ab 9cb 11.1cb 7.9c 15.2a 8.3c 9.9cb 7.8c 33.4ab 27.5ab 27.0ab 23.7ab 39.1a 19.0b 21.0b 25.5ab 
2012 15a 6.4c 9.4cb 9cb 14.5a 11.3ab 10.7cab 10.8cab 5.8a 2bc 2.7abc 1.6c 3.8abc 1.9bc 5.1ab 2.1bc 
2013 19.2ab 17.7ab 16.2cab 14.5cb 21.3a 10.5c 13.1cb 14.5cb 51.5ab 33.3abc 43.9abc 32.2abc 57.0a 21.8c 28.4bc 39.7abc 
2014 15.4ab 12.6cb 12.5cb 12.5cb 16.3a 15.2ab 9.6c 12cb 41.6ab 25.1b 27.6b 40.2ab 49.0a 40.5ab 25.7b 33.0ab 
2015 17.1a 12.3cb 10.6cb 9.3c 13.7ab 11.6cb 10.9cb 9.1c 83.5a 55.3bc 44.1bc 37.3c 61.0abc 50.3bc 69.5ab 48.8bc 
Average 15.8a 11.8b 12.1b 10.7b 16.2a 11.4b 10.9b 10.8b 43.2a 28.7b 29.1b 27b 42.0a 26.7b 30.0b 29.8b 
Means within the same year that share the same letter are not significantly different at the 0.05 probability level. 
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Figures 
 
Figure III-1. Cumulative nitrate-N loss per treatment from 2011-2015 with chisel plow and no-till. Averaged over corn and soybean crops. 
 
Figure III-2. Cumulative nitrate-N loss per treatment from 2011-2015 with chisel plow and chisel plow with rye. Averaged over corn and soybean crops. 
 
Figure III-3. Cumulative nitrate-N loss per treatment from 2011-2015 with no-till and no-till with rye. Averaged over corn and soybean crops.
7
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CHAPTER IV. GENERAL CONCLUSIONS AND RECOMMENDATIONS FOR 
FUTURE RESEARCH  
This thesis investigated the impact of two conservation practices on important soil 
properties and off-site environmental impacts via nitrate leaching through artificial drainage. 
In chapter 2, it is presented that no-till, when compared to chisel plow, decreases daily 
maximum soil temperature and increases daily average soil moisture content, which likely 
contribute to a significant decrease in corn yield at ADW.  In chapter 3, it is presented that no-
till, in this particular site and 5-year time period, shows great potential for decreasing nitrate 
leaching when compared to chisel plow. This decrease in nitrate leaching is possibly linked to 
mineralization, which is likely associated with the temperature and moisture changes in these 
plots. The practice of no-till in this climate and soil type presents both a) a potentially greater 
risk of yield decrease and b) a potential opportunity for a decrease in nitrate leaching off-site. 
These results only represent the first 6 years of the no-till practice, and thus cannot be used to 
draw greater conclusions until further long-term and larger-scale research is done in this 
climate and soil type.   
This thesis also investigated the impact of a winter rye cover crop on soil properties 
and nitrate leaching. Chapter 2 presented that rye has the potential to increase soil water content 
in the top 30 cm with greater rye biomass in central Iowa, but with lower rye biomass in north-
central Iowa, it decreased soil water content, especially at the 20-cm depth. The impact of a 
winter rye cover crop on nitrate leaching in a northern Iowa climate is presented in chapter 3. 
Winter rye was successful in significantly reducing both nitrate-N load and nitrate-N 
concentration with chisel plow.  Winter rye did not significantly decrease nitrate-N load or 
nitrate-N concentration with no-till. This was surprising, as this observation was not seen in 
75 
 
other literature. One possible explanation that rye did not decrease nitrate-N leaching with no-
till is that no-till was uncharacteristically low in nitrate leaching. It is predicted that at this site, 
no-till had lower nitrate-N concentrations primarily due to timing and rate of mineralization, 
which is partly a function of soil moisture and temperature. These would be impacted by 
drainage spacing, and the close drainage spacing seen at ADW may not be present on a large-
scale farm. There is a chance that planting rye with no-till on a different scale could produce a 
different result.  
This study further supported the notion that the impact of conservation practices 
depends on location (soil type, crop history, climate, and weather). The results from the no-till 
vs. chisel plow study are different than what is found in most other literature investigating their 
impacts on nitrate leaching. Other studies found a decrease in nitrate-N concentration in NT 
that was paired with an increase in drainage, resulting in either similar or greater overall nitrate-
N load compared to tilled plots. Additionally, this study further supports the hypotheses that 
the amount of rye biomass impacts both a) whether rye will improve soil water storage and b) 
the extent to which rye decreases nitrate-N concentration and loading in subsurface drainage. 
To reduce the risk of a winter rye cover crop taking soil water from the cash crop, and to 
improve the potential for a winter rye cover crop to decrease nitrate-N leaching, future research 
should focus on how to promote rye growth in colder climate such as northern Iowa.   
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APPENDIX A. ADW CHISEL PLOW VS. NO-TILL SOIL MOISTURE CONTENT AND 
SOIL WATER  
 
Figure A-1. ADW corn 10-cm daily average soil moisture content in period 2 of 2011
 
Figure A-2. ADW corn 10-cm daily average soil moisture content in period 3 of 2011 
 
Figure A-3. ADW corn 10-cm daily average soil moisture content in period 1 of 2012 
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Figure A-4. ADW corn 10-cm daily average soil moisture content in period 2 of 2012 
 
 
 
 
Figure A-5. ADW corn 10-cm daily average soil moisture content in period 3 of 2012 
 
 
 
 
Figure A-6. ADW corn 10-cm daily average soil moisture content in period 1 of 2013 
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Figure A-7. ADW corn 10-cm daily average soil moisture content in period 2 of 2013 
 
 
 
 
Figure A-8. ADW corn 10-cm daily average soil moisture content in period 3 of 2013 
 
 
 
 
Figure A-9. ADW corn 10-cm daily average soil moisture content in period 1 of 2014 
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Figure A-10. ADW corn 10-cm daily average soil moisture content in period 2 of 2014 
 
 
 
 
Figure A-11. ADW corn 10-cm daily average soil moisture content in period 3 of 2014 
 
 
 
 
Figure A-12. ADW corn 10-cm daily average soil moisture content in period 1 of 2015 
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Figure A-13. ADW corn 10-cm daily average soil moisture content in period 2 of 2015 
 
 
 
 
Figure A-14. ADW corn 10-cm daily average soil moisture content in period 3 of 2015 
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Figure A-15. ADW soybean 10-cm daily average soil moisture content in period 2 of 2011 
 
 
 
 
Figure A-16. ADW soybean 10-cm daily average soil moisture content in period 3 of 2011 
 
 
 
 
Figure A-17. ADW soybean 10-cm daily average soil moisture content in period 1 of 2012 
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Figure A-18. ADW soybean 10-cm daily average soil moisture content in period 2 of 2012 
 
 
 
 
Figure A-19. ADW soybean 10-cm daily average soil moisture content in period 3 of 2012 
 
 
 
 
Figure A-20. ADW soybean 10-cm daily average soil moisture content in period 1 of 2013 
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Figure A-21. ADW soybean 10-cm daily average soil moisture content in period 2 of 2013 
 
 
 
 
Figure A-22. ADW soybean 10-cm daily average soil moisture content in period 3 of 2013 
 
 
 
 
Figure A-23. ADW soybean 10-cm daily average soil moisture content in period 1 of 2014 
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Figure A-24. ADW soybean 10-cm daily average soil moisture content in period 2 of 2014 
 
 
 
 
Figure A-25. ADW soybean 10-cm daily average soil moisture content in period 3 of 2014 
 
 
 
 
Figure A-26. ADW soybean 10-cm daily average soil moisture content in period 1 of 2015 
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Figure A-27. ADW soybean 10-cm daily average soil moisture content in period 2 of 2015 
 
 
 
 
Figure A-28. ADW soybean 10-cm daily average soil moisture content in period 3 of 2015 
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Figure A-29. ADW corn 20-cm daily average soil moisture content in period 2 of 2011 
 
 
 
 
Figure A-30. ADW corn 20-cm daily average soil moisture content in period 3 of 2011 
 
 
 
 
Figure A-31. ADW corn 20-cm daily average soil moisture content in period 1 of 2012 
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Figure A-32. ADW corn 20-cm daily average soil moisture content in period 2 of 2012 
 
 
 
 
Figure A-33. ADW corn 20-cm daily average soil moisture content in period 3 of 2012 
 
 
 
 
Figure A-34. ADW corn 20-cm daily average soil moisture content in period 1 of 2013 
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Figure A-35. ADW corn 20-cm daily average soil moisture content in period 2 of 2013 
 
 
 
 
Figure A-36. ADW corn 20-cm daily average soil moisture content in period 3 of 2013 
 
 
 
 
Figure A-37. ADW corn 20-cm daily average soil moisture content in period 1 of 2014 
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Figure A-38. ADW corn 20-cm daily average soil moisture content in period 2 of 2014 
 
 
 
 
Figure A-39. ADW corn 20-cm daily average soil moisture content in period 3 of 2014 
 
 
 
 
Figure A-40. ADW corn 20-cm daily average soil moisture content in period 1 of 2015 
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Figure A-41. ADW corn 20-cm daily average soil moisture content in period 2 of 2015 
 
 
 
 
Figure A-42. ADW corn 20-cm daily average soil moisture content in period 3 of 2015 
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Figure A-43. ADW soybean 20-cm daily average soil moisture content in period 2 of 2011 
 
 
 
 
Figure A-44. ADW soybean 20-cm daily average soil moisture content in period 3 of 2011 
 
 
 
 
Figure A-45. ADW soybean 20-cm daily average soil moisture content in period 1 of 2012 
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Figure A-46. ADW soybean 20-cm daily average soil moisture content in period 2 of 2012 
 
 
 
 
Figure A-47. ADW soybean 20-cm daily average soil moisture content in period 3 of 2012 
 
 
 
 
Figure A-48. ADW soybean 20-cm daily average soil moisture content in period 1 of 2013 
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Figure A-49. ADW soybean 20-cm daily average soil moisture content in period 2 of 2013 
 
 
 
 
Figure A-50. ADW soybean 20-cm daily average soil moisture content in period 3 of 2013 
 
 
 
 
Figure A-51. ADW soybean 20-cm daily average soil moisture content in period 1 of 2014 
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Figure A-52. ADW soybean 20-cm daily average soil moisture content in period 2 of 2014 
 
 
 
 
Figure A-53. ADW soybean 20-cm daily average soil moisture content in period 3 of 2014 
 
 
 
 
Figure A-54. ADW soybean 20-cm daily average soil moisture content in period 1 of 2015 
95 
 
 
 
Figure A-55. ADW soybean 20-cm daily average soil moisture content in period 2 of 2015 
 
 
 
 
Figure A-56. ADW soybean 20-cm daily average soil moisture content in period 3 of 2015 
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Figure A-57. ADW corn soil water in the top 30 cm in period 2 of 2011 
 
 
 
 
Figure A-58. ADW corn soil water in the top 30 cm in period 3 of 2011 
 
 
 
 
Figure A-59. ADW corn soil water in the top 30 cm in period 1 of 2012 
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Figure A-60. ADW corn soil water in the top 30 cm in period 2 of 2012 
 
 
 
 
Figure A-61. ADW corn soil water in the top 30 cm in period 3 of 2012 
 
 
 
 
Figure A-62. ADW corn soil water in the top 30 cm in period 1 of 2013 
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Figure A-63. ADW corn soil water in the top 30 cm in period 2 of 2013 
 
 
 
 
Figure A-64. ADW corn soil water in the top 30 cm in period 3 of 2013 
 
 
 
 
Figure A-65. ADW corn soil water in the top 30 cm in period 1 of 2014 
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Figure A-66. ADW corn soil water in the top 30 cm in period 2 of 2014 
 
 
 
 
Figure A-67. ADW corn soil water in the top 30 cm in period 3 of 2014 
 
 
 
 
Figure A-68. ADW corn soil water in the top 30 cm in period 1 of 2015 
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Figure A-69. ADW corn soil water in the top 30 cm in period 2 of 2015 
 
 
 
 
Figure A-70. ADW corn soil water in the top 30 cm in period 3 of 2015 
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Figure A-71. ADW soybean soil water in the top 30 cm in period 2 of 2011 
 
 
 
 
Figure A-72. ADW soybean soil water in the top 30 cm in period 3 of 2011 
 
 
 
 
Figure A-73. ADW soybean soil water in the top 30 cm in period 1 of 2012 
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Figure A-74. ADW soybean soil water in the top 30 cm in period 2 of 2012 
 
 
 
 
Figure A-75. ADW soybean soil water in the top 30 cm in period 3 of 2012 
 
 
 
 
Figure A-76. ADW soybean soil water in the top 30 cm in period 1 of 2013 
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Figure A-77. ADW soybean soil water in the top 30 cm in period 2 of 2013 
 
 
 
 
Figure A-78. ADW soybean soil water in the top 30 cm in period 3 of 2013 
 
 
 
 
Figure A-79. ADW soybean soil water in the top 30 cm in period 1 of 2014 
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Figure A-80. ADW soybean soil water in the top 30 cm in period 2 of 2014 
 
 
 
 
Figure A-81. ADW soybean soil water in the top 30 cm in period 3 of 2014 
 
 
 
 
Figure A-82. ADW soybean soil water in the top 30 cm in period 1 of 2015 
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Figure A-83. ADW soybean soil water in the top 30 cm in period 2 of 2015 
 
 
 
 
Figure A-84. ADW soybean soil water in the top 30 cm in period 3 of 2015 
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APPENDIX B. ADW CHISEL PLOW VS. NO-TILL SOIL TEMPERATURE 
 
Figure B-1. ADW corn 10-cm daily average soil temperature in period 2 of 2011 
 
 
Figure B-2. ADW corn 10-cm daily average soil temperature in period 3 of 2011 
 
 
Figure B-3. ADW corn 10-cm daily average soil temperature in period 1 of 2012 
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Figure B-4. ADW corn 10-cm daily average soil temperature in period 2 of 2012 
 
 
 
 
Figure B-5. ADW corn 10-cm daily average soil temperature in period 3 of 2012 
 
 
 
 
Figure B-6. ADW corn 10-cm daily average soil temperature in period 1 of 2013 
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Figure B-7. ADW corn 10-cm daily average soil temperature in period 2 of 2013 
 
 
 
 
Figure B-8. ADW corn 10-cm daily average soil temperature in period 3 of 2013 
 
 
 
 
Figure B-9. ADW corn 10-cm daily average soil temperature in period 1 of 2014  
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Figure B-10. ADW corn 10-cm daily average soil temperature in period 2 of 2014 
 
 
 
 
Figure B-11. ADW corn 10-cm daily average soil temperature in period 3 of 2014 
 
 
 
 
Figure B-12. ADW corn 10-cm daily average soil temperature in period 1 of 2015 
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Figure B-13. ADW corn 10-cm daily average soil temperature in period 2 of 2015 
 
 
 
 
Figure B-14. ADW corn 10-cm daily average soil temperature in period 3 of 2015 
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Figure B-15. ADW soybean 10-cm daily average soil temperature in period 2 of 2011 
 
 
 
 
Figure B-16. ADW soybean 10-cm daily average soil temperature in period 3 of 2011 
 
 
 
 
Figure B-17. ADW soybean 10-cm daily average soil temperature in period 1 of 2012 
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Figure B-18. ADW soybean 10-cm daily average soil temperature in period 2 of 2012 
 
 
 
 
Figure B-19. ADW soybean 10-cm daily average soil temperature in period 3 of 2012 
 
 
 
 
Figure B-20. ADW soybean 10-cm daily average soil temperature in period 1 of 2013 
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Figure B-21. ADW soybean 10-cm daily average soil temperature in period 2 of 2013 
 
 
 
 
Figure B-22. ADW soybean 10-cm daily average soil temperature in period 3 of 2013 
 
 
 
 
Figure B-23. ADW soybean 10-cm daily average soil temperature in period 1 of 2014 
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Figure B-24. ADW soybean 10-cm daily average soil temperature in period 2 of 2014 
 
 
 
 
Figure B-25. ADW soybean 10-cm daily average soil temperature in period 3 of 2014 
 
 
 
 
Figure B-26. ADW soybean 10-cm daily average soil temperature in period 1 of 2015 
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Figure B-27. ADW soybean 10-cm daily average soil temperature in period 2 of 2015 
 
 
 
 
Figure B-28. ADW soybean 10-cm daily average soil temperature in period 3 of 2015 
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Figure B-29. ADW corn 20-cm daily average soil temperature in period 2 of 2011 
 
 
 
 
Figure B-30. ADW corn 20-cm daily average soil temperature in period 3 of 2011 
 
 
 
 
Figure B-31. ADW corn 20-cm daily average soil temperature in period 1 of 2012 
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Figure B-32. ADW corn 20-cm daily average soil temperature in period 2 of 2012 
 
 
 
 
Figure B-33. ADW corn 20-cm daily average soil temperature in period 3 of 2012 
 
 
 
 
Figure B-34. ADW corn 20-cm daily average soil temperature in period 1 of 2013 
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Figure B-35. ADW corn 20-cm daily average soil temperature in period 2 of 2013 
 
 
 
 
Figure B-36. ADW corn 20-cm daily average soil temperature in period 3 of 2013 
 
 
 
 
Figure B-37. ADW corn 20-cm daily average soil temperature in period 1 of 2014 
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Figure B-38. ADW corn 20-cm daily average soil temperature in period 2 of 2014 
 
 
 
 
Figure B-39. ADW corn 20-cm daily average soil temperature in period 3 of 2014 
 
 
 
 
Figure B-40. ADW corn 20-cm daily average soil temperature in period 1 of 2015 
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Figure B-41. ADW corn 20-cm daily average soil temperature in period 2 of 2015 
 
 
 
 
Figure B-42. ADW corn 20-cm daily average soil temperature in period 3 of 2015 
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Figure B-43. ADW soybean 20-cm daily average soil temperature in period 2 of 2011 
 
 
 
 
Figure B-44. ADW soybean 20-cm daily average soil temperature in period 3 of 2011 
 
 
 
 
Figure B-45. ADW soybean 20-cm daily average soil temperature in period 1 of 2012 
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Figure B-46. ADW soybean 20-cm daily average soil temperature in period 2 of 2012 
 
 
 
 
Figure B-47. ADW soybean 20-cm daily average soil temperature in period 3 of 2012 
 
 
 
 
Figure B-48. ADW soybean 20-cm daily average soil temperature in period 1 of 2013 
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Figure B-49. ADW soybean 20-cm daily average soil temperature in period 2 of 2013 
 
 
 
 
Figure B-50. ADW soybean 20-cm daily average soil temperature in period 3 of 2013 
 
 
 
 
Figure B-51. ADW soybean 20-cm daily average soil temperature in period 1 of 2014 
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Figure B-52. ADW soybean 20-cm daily average soil temperature in period 2 of 2014 
 
 
 
 
Figure B-53. ADW soybean 20-cm daily average soil temperature in period 3 of 2014 
 
 
 
 
Figure B-54. ADW soybean 20-cm daily average soil temperature in period 1 of 2015 
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Figure B-55. ADW soybean 20-cm daily average soil temperature in period 2 of 2015 
 
 
 
 
Figure B-56. ADW soybean 20-cm daily average soil temperature in period 3 of 2015 
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Figure B-57. ADW corn daily average soil temperature in the top 30 cm in period 2 of 2011 
 
 
 
 
Figure B-58. ADW corn daily average soil temperature in the top 30 cm in period 3 of 2011 
 
 
 
 
Figure B-59. ADW corn daily average soil temperature in the top 30 cm in period 1 of 2012 
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Figure B-60. ADW corn daily average soil temperature in the top 30 cm in period 2 of 2012 
 
 
 
 
Figure B-61. ADW corn daily average soil temperature in the top 30 cm in period 3 of 2012 
 
 
 
 
Figure B-62. ADW corn daily average soil temperature in the top 30 cm in period 1 of 2013 
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Figure B-63. ADW corn daily average soil temperature in the top 30 cm in period 2 of 2013 
 
 
 
 
Figure B-64. ADW corn daily average soil temperature in the top 30 cm in period 3 of 2013 
 
 
 
 
Figure B-65. ADW corn daily average soil temperature in the top 30 cm in period 1 of 2014 
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Figure B-66. ADW corn daily average soil temperature in the top 30 cm in period 2 of 2014 
 
 
 
 
Figure B-67. ADW corn daily average soil temperature in the top 30 cm in period 3 of 2014 
 
 
 
 
Figure B-68. ADW corn daily average soil temperature in the top 30 cm in period 1 of 2015 
130 
 
 
 
Figure B-69. ADW corn daily average soil temperature in the top 30 cm in period 2 of 2015 
 
 
 
 
Figure B-70. ADW corn daily average soil temperature in the top 30 cm in period 3 of 2015 
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Figure B-71. ADW soybean daily average soil temperature in the top 30 cm in period 2 of 2011 
 
 
 
 
Figure B-72. ADW soybean daily average soil temperature in the top 30 cm in period 3 of 2011 
 
 
 
 
Figure B-73. ADW soybean daily average soil temperature in the top 30 cm in period 1 of 2012 
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Figure B-74. ADW soybean daily average soil temperature in the top 30 cm in period 2 of 2012 
 
 
 
 
Figure B-75. ADW soybean daily average soil temperature in the top 30 cm in period 3 of 2012 
 
 
 
 
Figure B-76. ADW soybean daily average soil temperature in the top 30 cm in period 1 of 2013 
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Figure B-77. ADW soybean daily average soil temperature in the top 30 cm in period 2 of 2013 
 
 
 
 
Figure B-78. ADW soybean daily average soil temperature in the top 30 cm in period 3 of 2013 
 
 
 
 
Figure B-79. ADW soybean daily average soil temperature in the top 30 cm in period 1 of 2014 
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Figure B-80. ADW soybean daily average soil temperature in the top 30 cm in period 2 of 2014 
 
 
 
 
Figure B-81. ADW soybean daily average soil temperature in the top 30 cm in period 3 of 2014 
 
 
 
 
Figure B-82. ADW soybean daily average soil temperature in the top 30 cm in period 1 of 2015 
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Figure B-83. ADW soybean daily average soil temperature in the top 30 cm in period 2 of 2015 
 
 
 
 
Figure B-84. ADW soybean daily average soil temperature in the top 30 cm in period 3 of 2015 
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APPENDIX C. ADW NO-TILL VS. NO-TILL WITH RYE SOIL MOISTURE CONTENT 
AND SOIL WATER 
 
Figure C-1. ADW corn 10-cm daily average soil moisture content in period 2 of 2011 
 
 
Figure C-2. ADW corn 10-cm daily average soil moisture content in period 3 of 2011 
 
 
Figure C-3. ADW corn 10-cm daily average soil moisture content in period 1 of 2012 
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Figure C-4. ADW corn 10-cm daily average soil moisture content in period 2 of 2012 
 
 
 
 
Figure C-5. ADW corn 10-cm daily average soil moisture content in period 3 of 2012 
 
 
 
 
Figure C-6. ADW corn 10-cm daily average soil moisture content in period 1 of 2013 
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Figure C-7. ADW corn 10-cm daily average soil moisture content in period 2 of 2013 
 
 
 
 
Figure C-8. ADW corn 10-cm daily average soil moisture content in period 3 of 2013 
 
 
 
 
Figure C-9. ADW corn 10-cm daily average soil moisture content in period 1 of 2014 
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Figure C-10. ADW corn 10-cm daily average soil moisture content in period 2 of 2014 
 
 
 
 
Figure C-11. ADW corn 10-cm daily average soil moisture content in period 3 of 2014 
 
 
 
 
Figure C-12. ADW corn 10-cm daily average soil moisture content in period 1 of 2015 
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Figure C-13. ADW corn 10-cm daily average soil moisture content in period 2 of 2015 
 
Figure C-14. ADW corn 10-cm daily average soil moisture content in period 3 of 2015 
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Figure C-15. ADW soybean 10-cm daily average soil moisture content in period 2 of 2011 
 
 
 
 
Figure C-16. ADW soybean 10-cm daily average soil moisture content in period 3 of 2011 
 
 
 
 
Figure C-17. ADW soybean 10-cm daily average soil moisture content in period 1 of 2012 
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Figure C-18. ADW soybean 10-cm daily average soil moisture content in period 2 of 2012 
 
 
 
 
Figure C-19. ADW soybean 10-cm daily average soil moisture content in period 3 of 2012 
 
 
 
 
Figure C-20. ADW soybean 10-cm daily average soil moisture content in period 1 of 2013 
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Figure C-21. ADW soybean 10-cm daily average soil moisture content in period 2 of 2013 
 
 
 
 
Figure C-22. ADW soybean 10-cm daily average soil moisture content in period 3 of 2013 
 
 
 
 
Figure C-23. ADW soybean 10-cm daily average soil moisture content in period 1 of 2014 
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Figure C-24. ADW soybean 10-cm daily average soil moisture content in period 2 of 2014 
 
 
 
 
Figure C-25. ADW soybean 10-cm daily average soil moisture content in period 3 of 2014 
 
 
 
 
Figure C-26. ADW soybean 10-cm daily average soil moisture content in period 1 of 2015 
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Figure C-27. ADW soybean 10-cm daily average soil moisture content in period 2 of 2015 
 
 
 
 
Figure C-28. ADW soybean 10-cm daily average soil moisture content in period 3 of 2015 
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Figure C-29. ADW corn 20-cm daily average soil moisture content in period 2 of 2011 
 
 
 
 
Figure C-30. ADW corn 20-cm daily average soil moisture content in period 3 of 2011 
 
 
 
 
Figure C-31. ADW corn 20-cm daily average soil moisture content in period 1 of 2012 
147 
 
 
 
Figure C-32. ADW corn 20-cm daily average soil moisture content in period 2 of 2012 
 
 
 
 
Figure C-33. ADW corn 20-cm daily average soil moisture content in period 3 of 2012 
 
 
 
 
Figure C-34. ADW corn 20-cm daily average soil moisture content in period 1 of 2013 
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Figure C-35. ADW corn 20-cm daily average soil moisture content in period 2 of 2013 
 
 
 
 
Figure C-36. ADW corn 20-cm daily average soil moisture content in period 3 of 2013 
 
 
 
 
Figure C-37. ADW corn 20-cm daily average soil moisture content in period 1 of 2014 
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Figure C-38. ADW corn 20-cm daily average soil moisture content in period 2 of 2014 
 
 
 
 
Figure C-39. ADW corn 20-cm daily average soil moisture content in period 3 of 2014 
 
 
 
 
Figure C-40. ADW corn 20-cm daily average soil moisture content in period 1 of 2015 
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Figure C-41. ADW corn 20-cm daily average soil moisture content in period 2 of 2015 
 
 
 
 
Figure C-42. ADW corn 20-cm daily average soil moisture content in period 3 of 2015 
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Figure C-43. ADW soybean 20-cm daily average soil moisture content in period 2 of 2011 
 
 
 
 
Figure C-44. ADW soybean 20-cm daily average soil moisture content in period 3 of 2011 
 
 
 
 
Figure C-45. ADW soybean 20-cm daily average soil moisture content in period 1 of 2012 
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Figure C-46. ADW soybean 20-cm daily average soil moisture content in period 2 of 2012 
 
 
 
 
Figure C-47. ADW soybean 20-cm daily average soil moisture content in period 3 of 2012 
 
 
 
 
Figure C-48. ADW soybean 20-cm daily average soil moisture content in period 1 of 2013 
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Figure C-49. ADW soybean 20-cm daily average soil moisture content in period 2 of 2013 
 
 
 
 
Figure C-50. ADW soybean 20-cm daily average soil moisture content in period 3 of 2013 
 
 
 
 
Figure C-51. ADW soybean 20-cm daily average soil moisture content in period 1 of 2014 
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Figure C-52. ADW soybean 20-cm daily average soil moisture content in period 2 of 2014 
 
 
 
 
Figure C-53. ADW soybean 20-cm daily average soil moisture content in period 3 of 2014 
 
 
 
 
Figure C-54. ADW soybean 20-cm daily average soil moisture content in period 1 of 2015 
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Figure C-55. ADW soybean 20-cm daily average soil moisture content in period 2 of 2015 
 
 
 
 
Figure C-56. ADW soybean 20-cm daily average soil moisture content in period 3 of 2015 
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Figure C-57. ADW corn soil water in the top 30 cm in period 2 of 2011 
 
 
 
 
Figure C-58. ADW corn soil water in the top 30 cm in period 3 of 2011 
 
 
 
 
Figure C-59. ADW corn soil water in the top 30 cm in period 1 of 2012 
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Figure C-60. ADW corn soil water in the top 30 cm in period 2 of 2012 
 
 
 
 
Figure C-61. ADW corn soil water in the top 30 cm in period 3 of 2012 
 
 
 
 
Figure C-62. ADW corn soil water in the top 30 cm in period 1 of 2013 
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Figure C-63. ADW corn soil water in the top 30 cm in period 2 of 2013 
 
 
 
 
Figure C-64. ADW corn soil water in the top 30 cm in period 3 of 2013 
 
 
 
 
Figure C-65. ADW corn soil water in the top 30 cm in period 1 of 2014 
159 
 
 
 
Figure C-66. ADW corn soil water in the top 30 cm in period 2 of 2014 
 
 
 
 
Figure C-67. ADW corn soil water in the top 30 cm in period 3 of 2014 
 
 
 
 
Figure C-68. ADW corn soil water in the top 30 cm in period 1 of 2015 
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Figure C-69. ADW corn soil water in the top 30 cm in period 2 of 2015 
 
 
 
 
Figure C-70. ADW corn soil water in the top 30 cm in period 3 of 2015 
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Figure C-71. ADW soybean soil water in the top 30 cm in period 2 of 2011 
 
 
 
 
Figure C-72. ADW soybean soil water in the top 30 cm in period 3 of 2011 
 
 
 
 
Figure C-73. ADW soybean soil water in the top 30 cm in period 1 of 2012 
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Figure C-74. ADW soybean soil water in the top 30 cm in period 2 of 2012 
 
 
 
 
Figure C-75. ADW soybean soil water in the top 30 cm in period 3 of 2012 
 
 
 
 
Figure C-76. ADW soybean soil water in the top 30 cm in period 1 of 2013 
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Figure C-77. ADW soybean soil water in the top 30 cm in period 2 of 2013 
 
 
 
 
Figure C-78. ADW soybean soil water in the top 30 cm in period 3 of 2013 
 
 
 
 
Figure C-79. ADW soybean soil water in the top 30 cm in period 1 of 2014 
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Figure C-80. ADW soybean soil water in the top 30 cm in period 2 of 2014 
 
 
 
 
Figure C-81. ADW soybean soil water in the top 30 cm in period 3 of 2014 
 
 
 
 
Figure C-82. ADW soybean soil water in the top 30 cm in period 1 of 2015 
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Figure C-83. ADW soybean soil water in the top 30 cm in period 2 of 2015 
 
 
 
 
Figure C-84. ADW soybean soil water in the top 30 cm in period 3 of 2015 
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APPENDIX D. ADW NO-TILL VS. NO-TILL WITH RYE SOIL TEMPERATURE 
 
Figure D-1. ADW corn 10-cm daily average soil temperature in period 2 of 2011 
 
 
Figure D-2. ADW corn 10-cm daily average soil temperature in period 3 of 2011 
 
 
Figure D-3. ADW corn 10-cm daily average soil temperature in period 1 of 2012 
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Figure D-4. ADW corn 10-cm daily average soil temperature in period 2 of 2012 
 
 
 
 
Figure D-5. ADW corn 10-cm daily average soil temperature in period 3 of 2012 
 
 
 
 
Figure D-6. ADW corn 10-cm daily average soil temperature in period 1 of 2013 
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Figure D-7. ADW corn 10-cm daily average soil temperature in period 2 of 2013 
 
 
 
 
Figure D-8. ADW corn 10-cm daily average soil temperature in period 3 of 2013 
 
 
 
 
Figure D-9. ADW corn 10-cm daily average soil temperature in period 1 of 2014 
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Figure D-10. ADW corn 10-cm daily average soil temperature in period 2 of 2014 
 
 
 
 
Figure D-11. ADW corn 10-cm daily average soil temperature in period 3 of 2014 
 
 
 
 
Figure D-12. ADW corn 10-cm daily average soil temperature in period 1 of 2015 
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Figure D-13. ADW corn 10-cm daily average soil temperature in period 2 of 2015 
 
 
 
 
Figure D-14. ADW corn 10-cm daily average soil temperature in period 3 of 2015 
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Figure D-15. ADW soybean 10-cm daily average soil temperature in period 2 of 2011 
 
 
 
 
Figure D-16. ADW soybean 10-cm daily average soil temperature in period 3 of 2011 
 
 
 
 
Figure D-17. ADW soybean 10-cm daily average soil temperature in period 1 of 2012 
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Figure D-18. ADW soybean 10-cm daily average soil temperature in period 2 of 2012 
 
 
 
 
Figure D-19. ADW soybean 10-cm daily average soil temperature in period 3 of 2012 
 
 
 
 
Figure D-20. ADW soybean 10-cm daily average soil temperature in period 1 of 2013 
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Figure D-21. ADW soybean 10-cm daily average soil temperature in period 2 of 2013 
 
 
 
 
Figure D-22. ADW soybean 10-cm daily average soil temperature in period 3 of 2013 
 
 
 
 
Figure D-23. ADW soybean 10-cm daily average soil temperature in period 1 of 2014 
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Figure D-24. ADW soybean 10-cm daily average soil temperature in period 2 of 2014 
 
 
 
 
Figure D-25. ADW soybean 10-cm daily average soil temperature in period 3 of 2014 
 
 
 
 
Figure D-26. ADW soybean 10-cm daily average soil temperature in period 1 of 2015 
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Figure D-27. ADW soybean 10-cm daily average soil temperature in period 2 of 2015 
 
 
 
 
Figure D-28. ADW soybean 10-cm daily average soil temperature in period 3 of 2015 
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Figure D-29. ADW corn 20-cm daily average soil temperature in period 2 of 2011 
 
 
 
 
Figure D-30. ADW corn 20-cm daily average soil temperature in period 3 of 2011 
 
 
 
 
Figure D-31. ADW corn 20-cm daily average soil temperature in period 1 of 2012 
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Figure D-32. ADW corn 20-cm daily average soil temperature in period 2 of 2012 
 
 
 
 
Figure D-33. ADW corn 20-cm daily average soil temperature in period 3 of 2012 
 
 
 
 
Figure D-34. ADW corn 20-cm daily average soil temperature in period 1 of 2013 
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Figure D-35. ADW corn 20-cm daily average soil temperature in period 2 of 2013 
 
 
 
 
Figure D-36. ADW corn 20-cm daily average soil temperature in period 3 of 2013 
 
 
 
 
Figure D-37. ADW corn 20-cm daily average soil temperature in period 1 of 2014 
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Figure D-38. ADW corn 20-cm daily average soil temperature in period 2 of 2014 
 
 
 
 
Figure D-39. ADW corn 20-cm daily average soil temperature in period 3 of 2014 
 
 
 
 
Figure D-40. ADW corn 20-cm daily average soil temperature in period 1 of 2015 
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Figure D-41. ADW corn 20-cm daily average soil temperature in period 2 of 2015 
 
 
 
 
Figure D-42. ADW corn 20-cm daily average soil temperature in period 3 of 2015 
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Figure D-43. ADW soybean 20-cm daily average soil temperature in period 2 of 2011 
 
 
 
 
Figure D-44. ADW soybean 20-cm daily average soil temperature in period 3 of 2011 
 
 
 
 
Figure D-45. ADW soybean 20-cm daily average soil temperature in period 1 of 2012 
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Figure D-46. ADW soybean 20-cm daily average soil temperature in period 2 of 2012 
 
 
 
 
Figure D-47. ADW soybean 20-cm daily average soil temperature in period 3 of 2012 
 
 
 
 
Figure D-48. ADW soybean 20-cm daily average soil temperature in period 1 of 2013 
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Figure D-49. ADW soybean 20-cm daily average soil temperature in period 2 of 2013 
 
 
 
 
Figure D-50. ADW soybean 20-cm daily average soil temperature in period 3 of 2013 
 
 
 
 
Figure D-51. ADW soybean 20-cm daily average soil temperature in period 1 of 2014 
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Figure D-52. ADW soybean 20-cm daily average soil temperature in period 2 of 2014 
 
 
 
 
Figure D-53. ADW soybean 20-cm daily average soil temperature in period 3 of 2014 
 
 
 
 
Figure D-54. ADW soybean 20-cm daily average soil temperature in period 1 of 2015 
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Figure D-55. ADW soybean 20-cm daily average soil temperature in period 2 of 2015 
 
 
 
 
Figure D-56. ADW soybean 20-cm daily average soil temperature in period 3 of 2015 
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Figure D-57. ADW corn daily average soil temperature in the top 30 cm in period 2 of 2011 
 
 
 
 
Figure D-58. ADW corn daily average soil temperature in the top 30 cm in period 3 of 2011 
 
 
 
 
Figure D-59. ADW corn daily average soil temperature in the top 30 cm in period 1 of 2012 
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Figure D-60. ADW corn daily average soil temperature in the top 30 cm in period 2 of 2012 
 
 
 
 
Figure D-61. ADW corn daily average soil temperature in the top 30 cm in period 3 of 2012 
 
 
 
 
Figure D-62. ADW corn daily average soil temperature in the top 30 cm in period 1 of 2013 
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Figure D-63. ADW corn daily average soil temperature in the top 30 cm in period 2 of 2013 
 
 
 
 
Figure D-64. ADW corn daily average soil temperature in the top 30 cm in period 3 of 2013 
 
 
 
 
Figure D-65. ADW corn daily average soil temperature in the top 30 cm in period 1 of 2014 
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Figure D-66. ADW corn daily average soil temperature in the top 30 cm in period 2 of 2014 
 
 
 
 
Figure D-67. ADW corn daily average soil temperature in the top 30 cm in period 3 of 2014 
 
 
 
 
Figure D-68. ADW corn daily average soil temperature in the top 30 cm in period 1 of 2015 
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Figure D-69. ADW corn daily average soil temperature in the top 30 cm in period 2 of 2015 
 
 
 
 
Figure D-70. ADW corn daily average soil temperature in the top 30 cm in period 3 of 2015 
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Figure D-71. ADW soybean daily average soil temperature in the top 30 cm in period 2 of 2011 
 
 
 
 
Figure D-72. ADW soybean daily average soil temperature in the top 30 cm in period 3 of 2011 
 
 
 
 
Figure D-73. ADW soybean daily average soil temperature in the top 30 cm in period 1 of 2012 
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Figure D-74. ADW soybean daily average soil temperature in the top 30 cm in period 2 of 2012 
 
 
 
 
Figure D-75. ADW soybean daily average soil temperature in the top 30 cm in period 3 of 2012 
 
 
 
 
Figure D-76. ADW soybean daily average soil temperature in the top 30 cm in period 1 of 2013 
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Figure D-77. ADW soybean daily average soil temperature in the top 30 cm in period 2 of 2013 
 
 
 
 
Figure D-78. ADW soybean daily average soil temperature in the top 30 cm in period 3 of 2013 
 
 
 
 
Figure D-79. ADW soybean daily average soil temperature in the top 30 cm in period 1 of 2014 
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Figure D-80. ADW soybean daily average soil temperature in the top 30 cm in period 2 of 2014 
 
 
 
 
Figure D-81. ADW soybean daily average soil temperature in the top 30 cm in period 3 of 2014 
 
 
 
 
Figure D-82. ADW soybean daily average soil temperature in the top 30 cm in period 1 of 2015 
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Figure D-83. ADW soybean daily average soil temperature in the top 30 cm in period 2 of 2015 
 
 
 
 
Figure D-84. ADW soybean daily average soil temperature in the top 30 cm in period 3 of 2015 
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APPENDIX E. ISUAG NO-TILL VS. NO-TILL WITH RYE SOIL MOISTURE CONTENT 
AND SOILWATER 
 
Figure E-1. ISUAG corn 10-cm daily average soil moisture content in period 2 of 2011 
 
 
Figure E-2. ISUAG corn 10-cm daily average soil moisture content in period 3 of 2011 
 
 
Figure E-3. ISUAG corn 10-cm daily average soil moisture content in period 1 of 2012 
197 
 
 
 
Figure E-4. ISUAG corn 10-cm daily average soil moisture content in period 2 of 2012 
 
 
 
 
Figure E-5. ISUAG corn 10-cm daily average soil moisture content in period 1 of 2013 
 
 
 
 
Figure E-6. ISUAG corn 10-cm daily average soil moisture content in period 2 of 2013 
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Figure E-7. ISUAG corn 10-cm daily average soil moisture content in period 3 of 2013 
 
 
 
 
Figure E-8. ISUAG corn 10-cm daily average soil moisture content in period 1 of 2014 
 
 
 
 
Figure E-9. ISUAG corn 10-cm daily average soil moisture content in period 2 of 2014 
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Figure E-10. ISUAG corn 10-cm daily average soil moisture content in period 3 of 2014 
 
 
 
 
Figure E-11. ISUAG corn 10-cm daily average soil moisture content in period 1 of 2015 
 
 
 
 
Figure E-12. ISUAG corn 10-cm daily average soil moisture content in period 2 of 2015 
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Figure E-13. ISUAG corn 10-cm daily average soil moisture content in period 3 of 2015 
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Figure E-14. ISUAG soybean 10-cm daily average soil moisture content in period 2 of 2011 
 
 
 
 
Figure E-15. ISUAG soybean 10-cm daily average soil moisture content in period 3 of 2011 
 
 
 
 
Figure E-16. ISUAG soybean 10-cm daily average soil moisture content in period 1 of 2012 
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Figure E-17. ISUAG soybean 10-cm daily average soil moisture content in period 2 of 2012 
 
 
 
 
Figure E-18. ISUAG soybean 10-cm daily average soil moisture content in period 1 of 2013 
 
 
 
 
Figure E-19. ISUAG soybean 10-cm daily average soil moisture content in period 2 of 2013 
203 
 
 
 
Figure E-20. ISUAG soybean 10-cm daily average soil moisture content in period 3 of 2013 
 
 
 
 
Figure E-21. ISUAG soybean 10-cm daily average soil moisture content in period 1 of 2014 
 
 
 
 
Figure E-22. ISUAG soybean 10-cm daily average soil moisture content in period 2 of 2014 
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Figure E-23. ISUAG soybean 10-cm daily average soil moisture content in period 3 of 2014 
 
 
 
 
Figure E-24. ISUAG soybean 10-cm daily average soil moisture content in period 1 of 2015 
 
 
 
 
Figure E-25. ISUAG soybean 10-cm daily average soil moisture content in period 2 of 2015 
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Figure E-26. ISUAG soybean 10-cm daily average soil moisture content in period 3 of 2015 
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Figure E-27. ISUAG corn 20-cm daily average soil moisture content in period 2 of 2011 
 
 
 
 
Figure E-28. ISUAG corn 20-cm daily average soil moisture content in period 3 of 2011 
 
 
 
 
Figure E-29. ISUAG corn 20-cm daily average soil moisture content in period 1 of 2012 
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Figure E-30. ISUAG corn 20-cm daily average soil moisture content in period 2 of 2012 
 
 
 
 
Figure E-31. ISUAG corn 20-cm daily average soil moisture content in period 1 of 2013 
 
 
 
 
Figure E-32. ISUAG corn 20-cm daily average soil moisture content in period 2 of 2013 
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Figure E-33. ISUAG corn 20-cm daily average soil moisture content in period 3 of 2013 
 
 
 
 
Figure E-34. ISUAG corn 20-cm daily average soil moisture content in period 1 of 2014 
 
 
 
 
Figure E-35. ISUAG corn 20-cm daily average soil moisture content in period 2 of 2014 
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Figure E-36. ISUAG corn 20-cm daily average soil moisture content in period 3 of 2014 
 
 
 
 
Figure E-37. ISUAG corn 20-cm daily average soil moisture content in period 1 of 2015 
 
 
 
 
Figure E-38. ISUAG corn 20-cm daily average soil moisture content in period 2 of 2015 
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Figure E-39. ISUAG corn 20-cm daily average soil moisture content in period 3 of 2015 
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Figure E-40. ISUAG soybean 20-cm daily average soil moisture content in period 2 of 2011 
 
 
 
 
Figure E-41. ISUAG soybean 20-cm daily average soil moisture content in period 3 of 2011 
 
 
 
 
Figure E-42. ISUAG soybean 20-cm daily average soil moisture content in period 1 of 2012 
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Figure E-43. ISUAG soybean 20-cm daily average soil moisture content in period 2 of 2012 
 
 
 
 
Figure E-44. ISUAG soybean 20-cm daily average soil moisture content in period 1 of 2013 
 
 
 
 
Figure E-45. ISUAG soybean 20-cm daily average soil moisture content in period 2 of 2013 
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Figure E-46. ISUAG soybean 20-cm daily average soil moisture content in period 3 of 2013 
 
 
 
 
Figure E-47. ISUAG soybean 20-cm daily average soil moisture content in period 1 of 2014 
 
 
 
 
Figure E-48. ISUAG soybean 20-cm daily average soil moisture content in period 2 of 2014 
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Figure E-49. ISUAG soybean 20-cm daily average soil moisture content in period 3 of 2014 
 
 
 
 
Figure E-50. ISUAG soybean 20-cm daily average soil moisture content in period 1 of 2015 
 
 
 
 
Figure E-51. ISUAG soybean 20-cm daily average soil moisture content in period 2 of 2015 
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Figure E-52. ISUAG soybean 20-cm daily average soil moisture content in period 3 of 2015 
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Figure E-53. ISUAG corn soil water in the top 30 cm in period 2 of 2011 
 
 
 
 
Figure E-54. ISUAG corn soil water in the top 30 cm in period 3 of 2011 
 
 
 
 
Figure E-55. ISUAG corn soil water in the top 30 cm in period 1 of 2012 
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Figure E-56. ISUAG corn soil water in the top 30 cm in period 2 of 2012 
 
 
 
 
Figure E-57. ISUAG corn soil water in the top 30 cm in period 1 of 2013 
 
 
 
 
Figure E-58. ISUAG corn soil water in the top 30 cm in period 2 of 2013 
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Figure E-59. ISUAG corn soil water in the top 30 cm in period 3 of 2013 
 
 
 
 
Figure E-60. ISUAG corn soil water in the top 30 cm in period 1 of 2014 
 
 
 
 
Figure E-61. ISUAG corn soil water in the top 30 cm in period 2 of 2014 
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Figure E-62. ISUAG corn soil water in the top 30 cm in period 3 of 2014 
 
 
 
 
Figure E-63. ISUAG corn soil water in the top 30 cm in period 1 of 2015 
 
 
 
 
Figure E-64. ISUAG corn soil water in the top 30 cm in period 2 of 2015 
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Figure E-65. ISUAG corn soil water in the top 30 cm in period 3 of 2015 
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Figure E-66. ISUAG soybean soil water in the top 30 cm in period 2 of 2011 
 
 
 
 
Figure E-67. ISUAG soybean soil water in the top 30 cm in period 3 of 2011 
 
 
 
 
Figure E-68. ISUAG soybean soil water in the top 30 cm in period 1 of 2012 
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Figure E-69. ISUAG soybean soil water in the top 30 cm in period 2 of 2012 
 
 
 
 
Figure E-70. ISUAG soybean soil water in the top 30 cm in period 1 of 2013 
 
 
 
 
Figure E-71. ISUAG soybean soil water in the top 30 cm in period 2 of 2013 
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Figure E-72. ISUAG soybean soil water in the top 30 cm in period 3 of 2013 
 
 
 
 
Figure E-73. ISUAG soybean soil water in the top 30 cm in period 1 of 2014 
 
 
 
 
Figure E-74. ISUAG soybean soil water in the top 30 cm in period 2 of 2014 
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Figure E-75. ISUAG soybean soil water in the top 30 cm in period 3 of 2014 
 
 
 
 
Figure E-76. ISUAG soybean soil water in the top 30 cm in period 1 of 2015 
 
 
 
 
Figure E-77. ISUAG soybean soil water in the top 30 cm in period 2 of 2015 
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Figure E-78. ISUAG soybean soil water in the top 30 cm in period 3 of 2015 
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APPENDIX F. ISUAG NO-TILL VS. NO-TILL WITH RYE SOIL TEMPERATURE 
 
Figure F-1. ISUAG corn 10-cm daily average soil temperature in period 2 of 2011 
 
 
Figure F-2. ISUAG corn 10-cm daily average soil temperature in period 3 of 2011 
 
 
Figure F-3. ISUAG corn 10-cm daily average soil temperature in period 1 of 2012 
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Figure F-4. ISUAG corn 10-cm daily average soil temperature in period 2 of 2012 
 
 
 
 
Figure F-5. ISUAG corn 10-cm daily average soil temperature in period 1 of 2013 
 
 
 
 
Figure F-6. ISUAG corn 10-cm daily average soil temperature in period 2 of 2013 
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Figure F-7. ISUAG corn 10-cm daily average soil temperature in period 3 of 2013 
 
 
 
 
Figure F-8. ISUAG corn 10-cm daily average soil temperature in period 1 of 2014 
 
Figure F-9. ISUAG corn 10-cm daily average soil temperature in period 2 of 2014 
229 
 
 
 
Figure F-10. ISUAG corn 10-cm daily average soil temperature in period 3 of 2014 
 
 
 
 
Figure F-11. ISUAG corn 10-cm daily average soil temperature in period 1 of 2015 
 
 
 
 
Figure F-12. ISUAG corn 10-cm daily average soil temperature in period 2 of 2015 
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Figure F-13. ISUAG corn 10-cm daily average soil temperature in period 3 of 2015 
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Figure F-14. ISUAG soybean 10-cm daily average soil temperature in period 2 of 2011 
 
 
 
 
Figure F-15. ISUAG soybean 10-cm daily average soil temperature in period 3 of 2011 
 
 
 
 
Figure F-16. ISUAG soybean 10-cm daily average soil temperature in period 1 of 2012 
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Figure F-17. ISUAG soybean 10-cm daily average soil temperature in period 2 of 2012 
 
 
 
 
Figure F-18. ISUAG soybean 10-cm daily average soil temperature in period 1 of 2013 
 
 
 
 
Figure F-19. ISUAG soybean 10-cm daily average soil temperature in period 2 of 2013 
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Figure F-20. ISUAG soybean 10-cm daily average soil temperature in period 3 of 2013 
 
 
 
 
Figure F-21. ISUAG soybean 10-cm daily average soil temperature in period 1 of 2014 
 
 
 
 
Figure F-22. ISUAG soybean 10-cm daily average soil temperature in period 2 of 2014 
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Figure F-23. ISUAG soybean 10-cm daily average soil temperature in period 3 of 2014 
 
 
 
 
Figure F-24. ISUAG soybean 10-cm daily average soil temperature in period 1 of 2015 
 
 
 
 
Figure F-25. ISUAG soybean 10-cm daily average soil temperature in period 2 of 2015 
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Figure F-26. ISUAG soybean 10-cm daily average soil temperature in period 3 of 2015 
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Figure F-27. ISUAG corn 20-cm daily average soil temperature in period 2 of 2011 
 
 
 
 
Figure F-28. ISUAG corn 20-cm daily average soil temperature in period 3 of 2011 
 
 
 
 
Figure F-29. ISUAG corn 20-cm daily average soil temperature in period 1 of 2012 
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Figure F-30. ISUAG corn 20-cm daily average soil temperature in period 2 of 2012 
 
 
 
 
Figure F-31. ISUAG corn 20-cm daily average soil temperature in period 1 of 2013 
 
 
 
 
Figure F-32. ISUAG corn 20-cm daily average soil temperature in period 2 of 2013 
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Figure F-33. ISUAG corn 20-cm daily average soil temperature in period 3 of 2013 
 
 
 
 
Figure F-34. ISUAG corn 20-cm daily average soil temperature in period 1 of 2014 
 
 
 
 
Figure F-35. ISUAG corn 20-cm daily average soil temperature in period 2 of 2014 
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Figure F-36. ISUAG corn 20-cm daily average soil temperature in period 3 of 2014 
 
 
 
 
Figure F-37. ISUAG corn 20-cm daily average soil temperature in period 1 of 2015 
 
 
 
 
Figure F-38. ISUAG corn 20-cm daily average soil temperature in period 2 of 2015 
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Figure F-39. ISUAG corn 20-cm daily average soil temperature in period 3 of 2015 
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Figure F-40. ISUAG soybean 20-cm daily average soil temperature in period 2 of 2011 
 
 
 
 
Figure F-41. ISUAG soybean 20-cm daily average soil temperature in period 3 of 2011 
 
 
 
 
Figure F-42. ISUAG soybean 20-cm daily average soil temperature in period 1 of 2012 
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Figure F-43. ISUAG soybean 20-cm daily average soil temperature in period 2 of 2012 
 
 
 
 
Figure F-44. ISUAG soybean 20-cm daily average soil temperature in period 1 of 2013 
 
 
 
 
Figure F-45. ISUAG soybean 20-cm daily average soil temperature in period 2 of 2013 
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Figure F-46. ISUAG soybean 20-cm daily average soil temperature in period 3 of 2013 
 
 
 
 
Figure F-47. ISUAG soybean 20-cm daily average soil temperature in period 1 of 2014 
 
 
 
 
Figure F-48. ISUAG soybean 20-cm daily average soil temperature in period 2 of 2014 
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Figure F-49. ISUAG soybean 20-cm daily average soil temperature in period 3 of 2014 
 
 
 
 
Figure F-50. ISUAG soybean 20-cm daily average soil temperature in period 1 of 2015 
 
 
 
 
Figure F-51. ISUAG soybean 20-cm daily average soil temperature in period 2 of 2015 
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Figure F-52. ISUAG soybean 20-cm daily average soil temperature in period 3 of 2015 
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Figure F-53. ISUAG corn daily average soil temperature in the top 30 cm in period 2 of 2011 
 
 
 
 
Figure F-54. ISUAG corn daily average soil temperature in the top 30 cm in period 3 of 2011 
 
 
 
 
Figure F-55. ISUAG corn daily average soil temperature in the top 30 cm in period 1 of 2012 
247 
 
 
 
Figure F-56. ISUAG corn daily average soil temperature in the top 30 cm in period 2 of 2012 
 
 
 
 
Figure F-57. ISUAG corn daily average soil temperature in the top 30 cm in period 1 of 2013 
 
 
 
 
Figure F-58. ISUAG corn daily average soil temperature in the top 30 cm in period 2 of 2013 
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Figure F-59. ISUAG corn daily average soil temperature in the top 30 cm in period 3 of 2013 
 
 
 
 
Figure F-60. ISUAG corn daily average soil temperature in the top 30 cm in period 1 of 2014 
 
 
 
 
Figure F-61. ISUAG corn daily average soil temperature in the top 30 cm in period 2 of 2014 
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Figure F-62. ISUAG corn daily average soil temperature in the top 30 cm in period 3 of 2014 
 
 
 
 
Figure F-63. ISUAG corn daily average soil temperature in the top 30 cm in period 1 of 2015 
 
 
 
 
Figure F-64. ISUAG corn daily average soil temperature in the top 30 cm in period 2 of 2015 
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Figure F-65. ISUAG corn daily average soil temperature in the top 30 cm in period 3 of 2015 
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Figure F-66. ISUAG soybean daily average soil temperature in the top 30 cm in period 2 of 2011 
 
 
 
 
Figure F-67. ISUAG soybean daily average soil temperature in the top 30 cm in period 3 of 2011 
 
 
 
 
Figure F-68. ISUAG soybean daily average soil temperature in the top 30 cm in period 1 of 2012 
252 
 
 
 
Figure F-69. ISUAG soybean daily average soil temperature in the top 30 cm in period 2 of 2012 
 
 
 
 
Figure F-70. ISUAG soybean daily average soil temperature in the top 30 cm in period 1 of 2013 
 
 
 
 
Figure F-71. ISUAG soybean daily average soil temperature in the top 30 cm in period 2 of 2013 
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Figure F-72. ISUAG soybean daily average soil temperature in the top 30 cm in period 3 of 2013 
 
 
 
 
Figure F-73. ISUAG soybean daily average soil temperature in the top 30 cm in period 1 of 2014 
 
 
 
 
Figure F-74. ISUAG soybean daily average soil temperature in the top 30 cm in period 2 of 2014 
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Figure F-75. ISUAG soybean daily average soil temperature in the top 30 cm in period 3 of 2014 
 
 
 
 
Figure F-76. ISUAG soybean daily average soil temperature in the top 30 cm in period 1 of 2015 
 
 
 
 
Figure F-77. ISUAG soybean daily average soil temperature in the top 30 cm in period 2 of 2015 
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Figure F-78. ISUAG soybean daily average soil temperature in the top 30 cm in period 3 of 2015 
 
 
 
 
 
 
